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T h i s  t h e s i s  p r e s e n t s  a method f o r  d e s i g n i n g  an  u l t i m a t e  
underg round  mine l a y o u t  c o n s i s t e n t  w i t h  common m in ing  p r a c t i c e s #  The 
method i s  b a sed  upon t h e  a s s u m p t io n  t h a t  s u f f i c i e n t  c o s t  and g e o l o g i c  
d a t a  i s  a v a i l a b l e  t o  b u i l d  a d e t a i l e d  m i n e r a l  b lo c k  i n v e n t o r y  o f  t h e  
m i n e r a l  d e p o s i t #  I t  i s  f u r t h e r  assumed t h a t  t h e  c o s t  o f  any m in a b le  
u n i t  i s  in d e p e n d e n t  o f  t h e  n e i g h b o r i n g  b locks*
To make t h e  a p p ro ac h  u s e r  o r i e n t e d ,  a com puter  program i s  
i n c lu d e d  and d i s c u s s e d  h e r e i n .  C o m p u ta t i o n a l  c o s t s  and e x p e r i e n c e  
i n d i c a t e  t h a t  t h e  program c o u ld  be o f  g r e a t  b e n e f i t  i n  e v a l u a t i n g  
l a r g e  complex m i n e r a l  p r o p e r t i e s  from t h e  v i e w p o i n t  o f  p r e - d e s i g n i n g  
an  u nde rg round  mine l a y o u t .  For example ,  t o  r u n  a problem w i t h  1 ,000 
b l o c k s  on a B urroughs  5500 c o s t  l e s s  t h a n  $ 2 .0 0  i n  1972 d o l l a r s .  Use 
o f  t h e  com pu te r  program does  n o t  r e q u i r e  a th o ro u g h  u n d e r s t a n d i n g  o f  
t h e  a l g o r i t h m ;  however ,  a r e a s o n a b l y  com pe ten t  knowledge o f  mining  
would be e s s e n t i a l  t o  a s s i g n  r e a l i s t i c  b lo c k  v a l u e s  and g e o m e t r i e s .
ARTHUR LAKES LIBRARY 
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The m i n e r a l s  i n d u s t r y  i n  t h e  U n i te d  S t a t e s  i s  p r e s e n t l y  faced  
w i t h  t h e  p rob lem  o f  m e e t i n g  a r a p i d l y  i n c r e a s i n g  d o m e s t i c ,  a s  w e l l  as  
f o r e i g n ,  demand f o r  i t s  m i n e r a l  r e s o u r c e s #  T h i s  i n c r e a s e d  demand has  
added to  t h e  p rob lem s a l r e a d y  p l a g u in g  t h e  i n d u s t r y  such  a s  i n c r e a s e d  
l a n d ,  l a b o r ,  and m a t e r i a l  c o s t s ;  i n c r e a s e d  f o r e i g n  c o m p e t i t i o n ;  more 
r i g i d  f e d e r a l  and s t a t e  m in ing  laws p e r t a i n i n g  to  h e a l t h  and s a f e t y ;  
i n c r e a s e d  p u b l i c  a w a r e n e s s  o f  a i r ,  s t r e a m ,  and land p o l l u t i o n ;  and 
i n c r e a s e d  p u b l i c  c o n c e r n  o f  m in ing  p r a c t i c e s  and c o n d i t i o n s  w i t h i n  
t h e  m in e s .  I n  a d d i t i o n ,  t h e  i n d u s t r y  must  l i v e  w i th  problems c r e a t e d  
by p a s t  g e n e r a t i o n s  such  a s  a c i d  mine w a t e r  d r a i n a g e ,  abandoned s t r i p  
m in e s ,  and abandoned unmapped underg round  workings#
The " n e e d ” f o r  a  h e a l t h y  v i a b l e  m i n e r a l s  i n d u s t r y  w i t h i n  th e  
c o n t i n e n t a l  U n i t e d  S t a t e s  has  been  s t a t e d  many t im es  o v e r .
I n  a d d i t i o n ,  i t  i s  d e s i r a b l e ,  i f  n o t  a n e c e s s i t y ,  from th e  
v i e w p o i n t  o f  t h e  consumer  and t h e  n a t i o n a l  economy t h a t  th e  c o s t  o f  
making a v a i l a b l e  a m i n e r a l  r e s o u r c e  i s  m in im a l .  The deve lopment and 
u t i l i z a t i o n  o f  s c i e n t i f i c  mine p l a n n in g  w i l l  be an i n v a l u a b l e  a id  
t o  t h e  accom pl i shm en t  o f  t h e  d e s i g n  and o p e r a t i o n  o f  p r o f i t a b l e ,  
s a f e ,  h e a l t h y ,  and e n v i r o n m e n t a l - p r e s e r v i n g  underground  mining  
o p e r a t i o n s .
Mine p l a n n i n g  i s  u s u a l l y  d iv i d e d  i n t o  t h r e e  a r e a s :  (1) long
r a n g e ,  (2) s h o r t  r a n g e ,  and (3) p r o d u c t i o n  s c h e d u l i n g .  A long  range
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p l a n  d e f i n e s  t h e  economic l i m i t  o f  m in ing  a t  ' th e  t e r m i n a t i o n  o f  t h e  
d e p o s i t * s  m in in g  l i f e  and s e r v e s  a s  a g u id e  f o r  s h o r t  r a n g e  p l a n s .
I n  t h e  p r o c e s s  o f  w inn ing  a m i n e r a l  r e s o u r c e ,  s h o r t - s i g h t e d  
g o a l s  can  l e a d  t o  c o s t l y  development and p o s s i b l e  l o s s  o f  some 
r e s o u r c e  t o  f u t u r e  e x p l o i t a t i o n .  I t  i s  f o r  t h i s  r e a s o n  t h a t  t h i s  
t h e s i s  w i l l  be c o n c e rn e d  o n ly  w i t h  t h e  u l t i m a t e  mine l a y o u t .
A t r e n d  w i t h i n  t h e  m i n e r a l  i n d u s t r y  -  n o t  u n u s u a l  t o  o t h e r  
i n d u s t r i e s  -  i s  to w ard  deve lopment  o f  l a r g e ,  complex p h y s i c a l  p l a n t s  
i n  an e f f o r t  t o  r e d u c e  u n i t  c o s t s .  The t r e n d  i s  tow ards  fewer  mines 
employing  more men. For  example ,  i n  t h e  s t a t e  o f  Colo rado  i n  1960,  
t h e r e  were  607 ( n o n - c o a l )  o p e r a t i n g  mines  hav ing  a y e a r l y  employment 
o f  5 ,220  men compared w i t h  o n l y  353 mines  employing 6 ,660  men i n  1970 
a s  g i v e n  i n  t h e  C o lo ra d o  s t a t e  y e a r l y  r e p o r t  by t h e  Deputy 
Commiss ioner o f  Mines  ( I 9 6 0 ,  1970) .  T h i s  t r e n d  seems l i k e l y  t o  
c o n t i n u e .
A n o th e r  f a c t o r  w h ich  has  had a p ro fo u n d  e f f e c t  i n  r e d u c i n g  t h e  
number o f  s m a l l  o p e r a t i o n s  has  been  s t r i c t e r  min ing  la w s .  For  example ,  
a s  a r e s u l t  o f  t h e  " C o a l  Mine H e a l t h  and S a f e t y  A c t"  o f  1969,  i t  i s  
s t a t e d  i n  t h e  ‘'Mandatory  S a f e t y  S t a n d a r d s ,  Underground Coal  Mines"  
i s s u e d  on F r i d a y ,  November 20,  1970 i n  t h e  F e d e r a 1 R e g i s t e r , S e c t i o n  
7 5 .3 2 6 ,  t h a t  " I n  any c o a l  mine opened a f t e r  March 30 ,  1970,  t h e  
e n t r i e s  used  as  i n t a k e  and r e t u r n  a i r  c o u r s e s  s h a l l  be  s e p a r a t e d  
from b e l t  h a u l a g e  e n t r i e s ,  and . . T h i s  r e g u l a t i o n  h a s  had t h e
impact  t o  i n c r e a s e  s h a r p l y  t h e  min ing  c o s t  f o r  t h e  sm a l l  c o a l  mine 
o p e r a t o r  by f o r c i n g  any  e g r e s s  i n t o  a c o a l  p r o p e r t y  to  have a minimum
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o f  t h r e e  i n t e r c o n n e c t e d  p a r a l l e l  e n t r i e s .  I n  t h e  p a s t  t h e  sm a l l  mine 
o p e r a t o r  h a s  been  a b l e  to  o p e r a t e  w i t h  o n l y  two e n t r i e s  where one was 
used  f o r  i n t a k e  a i r  and t h e  o t h e r  e x h a u s t  a i r .  The economic impact  
o f  t h i s  law h a s  been  s i g n i f i c a n t l y  l e s s  f o r  t h e  l a r g e  mine o p e r a t o r ,  
who now o p e r a t e s  w i t h ,  i n  g e n e r a l ,  i n  e x c e s s  o f  f i v e  p a r a l l e l  main 
e n t r i e s .
With t h e  t r e n d  tow ards  l a r g e r  more complex mine p l a n t s  comes t h e  
i n c r e a s e d  r e s p o n s i b i l i t y  o f  t h e  min ing  company to  comply w i t h  t h e  
needs  o f  s o c i e t y  a s  a w hole .  T h i s  i n c r e a s e s  th e  need f o r  good s c i e n ­
t i f i c  mine d e s i g n .
Today,  c o a l  companies  a r e  lo o k in g  a t  p r o p e r t i e s  f o r  e x p l o i t a t i o n  
which may c o n t a i n  m u l t i p l e  seams w i t h i n  a v e r y  complex g e o l o g i c  
en v i ro n m en t  c o v e r i n g  many s q u a r e  m i l e s .  A d d i t i o n a l  p rob lem s ,  such  a s  
land o w n e r s h ip ,  o i l  a n d / o r  g a s  w e l l s  i n t e r s e c t i n g  t h e  mining  p r o p e r t y ,  
h ighw ays ,  s u r f a c e  b u i l d i n g s ,  power l i n e s ,  c a n a l s ,  w a te r  t a b l e s ,  and 
e n t r a p p e d  methane  p r e s e n t  a m in ing  company w i t h  many problems n o t  
e n c o u n t e r e d  o n l y  a few y e a r s  ago .
For  a much more t h o ro u g h  d i s c u s s i o n  o f  t h e  m u l t i - d i m e n s i o n a l  
a r r a y  o f  p rob lem s  t h a t  a m in in g  company must  d i r e c t  i t s  r e s o u r c e s  to  
i n  t o d a y ' s  w o r l d ,  r e f e r  t o  ‘’D ec is io n -M ak in g  i n  t h e  M in e r a l  Industry** 
(1971) and R o b e r t s  ( 1 9 7 1 ) .
The need  f o r  sound mine p l a n n i n g  w i t h i n  o u r  complex s o c i o l o g i c a l  
framework i s  w e l l  documented .  The p u rp o s e  o f  t h i s  t h e s i s  i s  to  
d ev e lo p  a t o o l  f o r  a s s i s t i n g  t h e  mine o p e r a t o r  in  t h e  e v a l u a t i o n  o f  
a l t e r n a t i v e  a p p r o a c h e s  w i t h i n  mine p l a n n i n g .
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I n . t o d a y ' s  wor ld  t h e  m in ing  e n g i n e e r  i s  f ace d  w i t h  t h e  need t o  
r e spond  q u i c k l y  t o  m o d i fy  a mine d e s i g n  t o  s a t i s f y  r a p i d l y  chang ing  
e c o n o m ic a l ,  e c o l o g i c a l ,  and s o c i o l o g i c a l  c o n s t r a i n t s .  I n  t h e  p a s t  
t h e  m in ing  e n g i n e e r  c o u l d  be c o n t e n t  w i t h  compar ing  o n ly  a few 
a l t e r n a t i v e  mine d e s i g n s .  Today,  he must  e x p l o r e  many a l t e r n a t i v e  
p l a n s  c o n s t r a i n e d  by f a c t o r s  unknown o n ly  a few y e a r s  ago .  The r e a d e r  
i s  r e f e r r e d  t o  t h e  a r t i c l e  by R o b e r t s  (1971) a s  an  i l l u s t r a t i o n  o f  how 
t h e  c o n s e r v a t i o n i s t  and new m in ing  laws have a f f e c t e d  t h e  c o a l  mine 
d e s i g n  e n g i n e e r .
I n  te rm s  o f  long  r a n g e  p l a n n i n g ,  t h e  d e s i g n  e n g i n e e r  must  be 
a l e r t  t o  t h e  changes  i n  t h e  o v e r a l l  mine p l a n  r e s u l t i n g  from chang ing  
l a n d ,  m a t e r i a l ,  and l a b o r  c o s t s  o r  t h e  i n t r o d u c t i o n  o f  i n n o v a t i v e  
m in ing  c o n c e p t s .  P o s s i b l y  t h e  d e s i g n  e n g i n e e r  w i l l  be r e q u e s t e d  t o  
make a q u i c k  e v a l u a t i o n  a s  t o  w h e th e r  o r  n o t  a company shou ld  ex tend  
a l e a s e  on an  u n e x p l o i t e d  p i e c e  o f  l a n d .  I n  te rm s  o f  s h o r t  r ange  
p l a n n i n g ,  an  o v e r a l l  mine p l a n  i s  a l s o  e x t r e m e l y  i m p o r t a n t  t o  t h e  
e n g i n e e r  i n  c h a r g e  o f  s c h e d u l i n g  mine development and p r o d u c t i o n  to  
meet  demand commitments .  The e n d - o f - l i f e  o r  u l t i m a t e  mine l a y o u t  i s  
a l s o  o f  c o n c e rn  t o  t h e  e n g i n e e r  i n  c h a r g e  o f  d e s i g n i n g  e f f i c i e n t  
v e n t i l a t i o n ,  h a u l a g e ,  d r a i n a g e ,  and e l e c t r i c a l  n e tw o rk s .
The o b j e c t i v e  o f  t h i s  t h e s i s  w i l l  be t o  d e v e lo p  a method f o r  
d e f i n i n g  an u l t i m a t e  u nde rg round  mine l a y o u t  w i t h i n  t h e  scope  o f  long  
r a n g e  p l a n n in g  c o n s i s t e n t  w i t h  economic ,  s a f e t y , a n d  c o n s e r v a t i o n  
c o n s t r a i n t s .  Knowing t h e  u l t i m a t e  min ing  c o n f i g u r a t i o n  i s  v i t a l  to  
t h e  e f f i c i e n t  l a y o u t  o f  th e  mine deve lopm en t ;  t h a t  i s ,  mine d e v e l o p ­
ment i s  a n e tw ork  o f  p r im a r y  a c c e s s e s  t h r o u g h  which t h e  b u lk  o f  th e
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m a t e r i a l  i s  moved to  t h e  s u r f a c e  mine f a c i l i t i e s  from t h e  m i n e r a l  
p ro d u c in g  a r e a s #
I n  a c h i e v i n g  t h e  o b j e c t i v e  o f  t h i s  t h e s i s ,  th e  f o l l o w i n g  f o u r  
c r i t e r i a  were  used  a s  g u i d e l i n e s  i n  d e v e l o p i n g  an a l g o r i t h m  f o r  
d e l i n e a t i n g  t h e  economic l i m i t s  o f  a m i n e r a l i z e d  p r o p e r t y :
(1) Mine l a y o u t  sh o u ld  be eve ryw here  a c c e s s i b l e  t o  t h e  s u r f a c e #
(2) S o l u t i o n  a l g o r i t h m  shou ld  be a p p l i c a b l e  t o  t h e  g e n e r a l  
m i n e r a l  t y p e  d e p o s i t #
(3)  S o l u t i o n  a l g o r i t h m  shou ld  be c a p a b l e  o f  s o l v i n g  r e a l i s t i c  
s i z e  problem s#
(4)  R e s u l t s  s h o u ld  be u s e r  o r i e n t e d #
C r i t e r i a  ( 1 ) ,  ( 3 ) ,  and (4)  above shou ld  be  s e l f - e x p l a n a t o r y #
What i s  i n t e n d e d  i n  c r i t e r i a  (2)  by th e  te rm  " g e n e r a l  m i n e r a l  type  
d e p o s i t ” i s  t h a t  t h e  d i s t r i b u t i o n  o f  economic w or th  may be f r e e l y  
d i s t r i b u t e d  t h r o u g h o u t  some t h r e e - d i m e n s i o n a l  r o c k  mass .  I n  o t h e r  
w o r d s ,  t h e  d i s t r i b u t i o n  o f  m i n e r a l  c o n t e x t  c a n  n o t  be r i g o r o u s l y  
p r e s c r i b e d  by some m a t h e m a t i c a l  fu n c t i o n #  The problem o f  f o r e c a s t i n g  
t h e  d i s t r i b u t i o n  o f  m i n e r a l i z a t i o n  w i t h i n  t h e  e a r t h ' s  c r u s t  i s  a 
r e c o g n i z e d  problem# The r e a d e r  i n t e r e s t e d  i n  p u r s u in g  t h e  p roblems 
o f  d e l i n e a t i n g  a m i n e r a l  d e p o s i t  i s  r e f e r r e d  t o  Becker  and Hazen 
(1961)#
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GENERAL UNDERGROUND MINING PROBLEM
I n  v iew  o f  t h e  i n c r e a s i n g  c o m p le x i t y  o f  t h e  g e n e r a l  min ing  
p rob lem ,  m in ing  compan ies  a r e  now b e g i n n in g  t o  r e l y  upon m a t h e m a t i c a l  
t e c h n i q u e s  and t o o l s  t o  p r e d e s i g n  th e  l a y o u t  o f  a min ing  opera t ion®
The f o l l o w i n g  s e c t i o n s  (1)  c o n t a i n  a b r i e f  r e v ie w  o f  l i t e r a t u r e ,
( 2 ) d e t a i l  a means f o r  e x p r e s s i n g  th e  g e n e r a l  u l t i m a t e  underground  
mine l a y o u t  a s  a n e t w o rk ,  and (3) d e f i n e  a g e n e r a l  f o r m u l a t i o n  o f  t h e  
problem®
L i t e r a t u r e  Review 
P e r h a p s  one o f  t h e  b e s t  s i n g l e  s o u r c e s  o f  o p e r a t i o n s  r e s e a r c h  
t e c h n i q u e s  a p p l i e d  t o  m in ing  problems i s  a r e c e n t  book p u b l i s h e d  i n  
Hungary (Zambo, J . , 1966 ) .  T h i s  book d e s c r i b e s  some t e c h n i q u e s  f o r  
such  prob lem s  a s  ( 1) t h e  l o c a t i o n  o f  a s h a f t ,  ( 2) d e t e r m i n a t i o n  o f  
l e v e l  s p a c in g  i n  a d i p p i n g  d e p o s i t ,  and ( 3 ) t h e  " o p t i m a l "  l o c a t i o n  o f  
c r o s s c u t s .  This,  book does  g i v e  a wide  v a r i e t y  o f  s im p le  a p p l i c a t i o n s  
f o r  a wide v a r i e t y  o f  f a c i l i t y  l o c a t i o n  ty p e  p ro b le m s .  The te rm 
" o p t i m a l 11' used  h e r e  and d i s c u s s e d  l a t e r  i n  t h i s  t h e s i s  w i l l  be used  
i n  a s t r i c t  m a t h e m a t i c a l  sense®
S p e c i f i c a l l y  i n  t h e  a r e a  o f  u l t i m a t e  underg round  mine l a y o u t  
t h e r e  has  been  a n o t a b l e  l a c k  o f  p u b l i s h e d  p a p e r s .  T h i s  p rob lem has  
o n ly  r e c e n t l y ,  w i t h i n  t h e  p a s t  few y e a r s ,  been  g i v e n  some p r i o r i t y  
w i t h i n  t h e  Bureau  o f  M ines .  The p rob lem o f  d e s i g n i n g  an  u l t i m a t e  open 
p i t  has  e n t e r t a i n e d  much more i n t e r e s t  i n  t h e  p a s t  s e v e r a l  y e a r s  t h a n
6
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h a s  t h e  s u b s u r f a c e  p rob lem .  The u l t i m a t e  open p i t  prob lem has  been  
ap p ro ac h ed  by Lerch  and Grossmann (1965) u s i n g  a dynamic programming 
t e c h n i q u e ,  J o h n s o n  (1968) u s i n g  a n e t w o r k - f lo w  model ,  and G a n t h i e r  
and Gray (1971) u s in g  a h e u r i s t i c  a p p ro a c h .  An i n t e r e s t i n g  and 
c o m p u t a t i o n a l l y  p r a c t i c a l  a p p ro a c h ,  based  upon t h e  dynamic programming 
o f  L e rc h  and Grossmann,  i s  g i v e n  by J o h n s o n  and Sharp  (1970)•  A l l  
o f  t h e s e  a p p r o a c h e s  u se  what  i s  r e f e r r e d  t o  a s  t h e  “ b lo c k  c o n c e p t " .
The “ b l o c k  concept** i s  s im p ly  a method f o r  s u b d i v i d i n g  a m i n e r a l  
d e p o s i t  i n t o  d i s c r e t e  m in a b le  u n i t s  w hich  a r e  formed by a s e t  o f  more 
o r  l e s s  o r t h o g o n a l l y  i n t e r s e c t i n g  p l a n e s .  D i s c r e t e  b l o c k  u n i t s  a p p e a r  
t o  be a r e a s o n a b l e  b a s i s  f o r  a s u b s u r f a c e  e x c a v a t i o n  model  f o r  t h e  
f o l l o w i n g  r e a s o n s :
(1) “ Block  concept** i s  a c c e p te d  and used  w i t h i n  t h e  m i n e r a l s  
i n d u s t r y  f o r  o r e  r e s e r v e  and d e l i n e a t i o n  s t u d i e s .
(2) B locks  can  be made to  conform w i t h  most min ing  methods  used 
w i t h i n  t h e  i n d u s t r y  to d a y .
(3)  B lock  i n v e n t o r y  i s  e a s i l y  s t o r e d  i n  a d i g i t a l  com pute r .
With r e s p e c t  t o  t h e  u l t i m a t e  p i t  p rob lem ,  t h e  b l o c k s  t h e m s e lv e s
i n  some way d e s c r i b e  a p i t  w a l l .  I n  co m p a r i s o n ,  t h e  s u b s u r f a c e  
prob lem need  o n ly  imply c o n n e c t i v i t y  o f  b l o c k s ;  t h a t  i s ,  e x i s t e n c e  o f  
a p a s s a g e  from any s e t  o f  m in a b le  b l o c k s  to  a l l  o t h e r s  i n  th e  s e t  to  
be mined t o g e t h e r  w i t h  a p a s s a g e  t o  the-  s u r f a c e .
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D e f i n i t i o n s  and Sample Problem
The u l t i m a t e  underg round  problem becomes more amenable t o  
a n a l y s i s  i f  a w e ig h t  i s  a s s i g n e d  t o  an i n d i v i d u a l  b lo c k  e q u i v a l e n t  
t o  i t s  w o r th  w i t h o u t  r e g a r d  f o r  i t s  n e i g h b o r i n g  b l o c k s .  I n  t e rm s  o f  
u t i l i t y ,  t h e  b lo c k  w o r t h  m igh t  r e p r e s e n t  t h e  l e a s t - c o s t  o r  p o t e n t i a l  
p r o f i t  t h a t  a  m in ing  c o n c e r n  would r e a p  g i v e n  t h a t  any p a r t i c u l a r  
b l o c k  i s  p h y s i c a l l y  m ined .  Dependen t  upon t h e  problem,  a l l  b lo c k  
w e i g h t s  m ig h t  r e p r e s e n t  a t r u e  c o s t  ( n e g a t i v e  w e i g h t ) , f o r  example ,  
a t u n n e l i n g  o p e r a t i o n .  I n  a t u n n e l i n g  p roblem t h e  c o n t r a c t o r  o r  
m in ing  company i s  o n l y  con ce rn ed  w i t h  f i n d i n g  a l e a s t - c o s t  p a s s a g e  
be tw een  two p o i n t s .  T h e r e f o r e ,  i n  t e r n s  o f  t h e  b lo c k  model ,  i t  would 
be a c o n n e c te d  sequence  o f  b l o c k s  be tween two p o i n t s  i n  which  t h e  
i n d i v i d u a l  b l o c k s  would be e q u i v a l e n t  t o  a s m a l l  segment o f  t h e  t u n n e l .
F i g u r e  1-a  g i v e s  a g r a p h i c  i l l u s t r a t i o n  o f  how t h e  b l o c k  m igh t  
be i n t e r p r e t e d  i n  t h r e e - d i m e n s i o n a l  space  where t h e  l e n g t h ,  w i d t h ,  and 
h e i g h t  o f  each  b lo c k  would be d e t e rm in e d  by t h e  u s e r .  F i g u r e  1-b i s  
a  g r a p h i c a l  i l l u s t r a t i o n  o f  t h e  s e t  o f  b l o c k s  i n  F i g u r e  1-a above .
Each b l o c k  has  been  p u l l e d  a p a r t ,  F i g u r e  1 - b ,  bu t  r em a ins  c o n n e c te d  t o  
i t s  a d j a c e n t  n e i g h b o r s  by a l i n e .  For  p u r p o s e s  o f  d e f i n i t i o n ,  t o  be 
used  i n  l a t e r  d i s c u s s i o n s ,  l i n e s  w i l l  be r e f e r r e d  to  a s  a r c s  and 
s q u a r e s  ( d o t s  o r  c i r c l e s )  a s  no d es .  These  te rm s  a r e  c o n s i s t e n t  w i th  
t h o s e  used  i n  n e tw ork  t h e o r y .
A b l o c k  need n o t  be d e f i n e d  a s  a c u b e .  F ig u re  2 i l l u s t r a t e s  two 
d i f f e r e n t  examples  o f  a b a s i c  tw o -d im e n s io n a l  b lo c k  c o n f i g u r a t i o n .  Of 





-  G r a p h i c a l  r e p r e s e n t a t i o n  (b )  o f  an o r t h o g o n a l  s e t  




FIGURE 2 .  -  B lock  and g r a p h i c  i l l u s t r a t i o n  f o r  ( a )  g e n e r a l  tw o -  
d i m e n s i o n a l  b l o c k  c o n f i g u r a t i o n  and (b)  s y s t e m a t i c  
t w o - d i m e n s i o n a l  h e x a g o n a l  b l o c k
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a g r a p h  -  s i m i l a r  to  what was done in  F i g u r e  1. The nodes  r e p r e s e n t  
t h e  b lo c k s  and a n  a r c  i n d i c a t e s  t h a t  two nodes  a r e  a d j a c e n t  to  one 
a n o t h e r  g e o m e t r i c a l l y .
F i g u r e  3 -b  i l l u s t r a t e s  a tw o - d im e n s io n a l  g r a p h i c  r e p r e s e n t a t i o n  
o f  a s e t  o f  b l o c k s .  F i g u r e  3 -b  has  a s s i g n e d  t o  each  node (b lo ck )  a 
v a l u e  o r  w e ig h t  which i m p l i e s  t h e  w or th  o r  c o s t  o f  min ing  t h a t  p a r t i c u ­
l a r  b l o c k .  The p a t h  g i v e n  i n  F i g u r e  3 -b  a s  a heavy l i n e ,  i s  t h e  l e a s t -  
c o s t  p a t h  c o n n e c t i n g  nodes  A, B, and C. The problem o f  f i n d i n g  a 
c o n n e c te d  s u b s e t  o f  maximum t o t a l  w e ig h t  from a ne tw ork  i s  an o f t e n  
p u r sued  p rob lem i n  ne twork  t h e o r y .  T h i s  p rob lem i s  d i f f e r e n t  from 
s t a n d a r d  n e tw ork  a l g o r i t h m  in  t h a t  we a r e  s e a r c h i n g  f o r  a s u b s e t  and 
we a r e  o n ly  con ce rn ed  w i t h  node w e i g h t s .  A pproach ing  t h e  mining  
p rob lem i n  te rm s  o f  a n e tw ork  g i v e s  ( 1) f l e x i b i l i t y  o f  u s in g  any 
c o m b in a t i o n  o f  b l o c k  c o n f i g u r a t i o n s  and ( 2 ) e a s e  o f  problem e x p r e s s i o n  
and m a n i p u l a t i o n  w i t h  e x i s t i n g  c o m p u t a t i o n a l  t e c h n i q u e s .
Of p a r t i c u l a r  i n t e r e s t  i n  t h e  min ing  prob lem i s  t h a t  t h e r e  may 
e x i s t  a node  b e l o n g in g  to  t h e  s e t  o f  n e g a t i v e l y  w e igh ted  nodes  w h ich ,  
i f  f o r c e d  i n t o  t h e  s o l u t i o n  s e t ,  w i l l  y i e l d  a b e t t e r  s o l u t i o n  by 
a c t i n g  a s  a common j u n c t i o n  be tween t h r e e  o r  more p o s i t i v e l y  w e ig h ted  
node g r o u p s .  Because t h i s  node i s  s i m i l a r  i n  many r e s p e c t s  to  a 
S t e i n e r  p o i n t  d e f i n e d  i n  t h e  c l a s s i c a l  S t e i n e r  problem as  d i s c u s s e d  by 
G i l b e r t  and P o l l a c k  ( 1 9 6 8 ) ,  t h i s  ty p e  node w i l l  be r e f e r r e d  to  a s  a 
S t e i n e r  node .  I n  b r i e f ,  t h e  S t e i n e r  p rob lem  may be s t a t e d  a s :  Find
t h e  p a t h  o f  min im al g e o m e t r i c  l e n g t h  c o n n e c t i n g  m p o i n t s  i n  a p l a n e .  




Steiner P a t h -  -




- 7  Nodes
 Steiner  Node
^ N o d e  Weights
(b)
3. -  G eometr ic  ( a )  and g r a p h i c  (b )  i l l u s t r a t i o n  o f  t h e  
S t e i n e r  p rob lem
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r e c e n t l y  on t h e  g e n e r a l  S t e i n e r  p rob lem .  F ig u r e  3 -a  i l l u s t r a t e s  a
l e a s t - l e n g t h  o r  S t e i n e r  p a t h  f o r  t h r e e  p o i n t s  i n  a p l a n e .  F i g u r e  3-b
i s  a n a lo g o u s  t o  t h e  g e n e r a l  S t e i n e r  p rob lem d e f i n e d  on a p l a n e .  The
r e a s o n s  why t h e  g e n e r a l  S t e i n e r  p rob lem was n o t  pu rsued  a r e  (1)
g e n e r a l l y ,  an  o r e  zone would be d i f f i c u l t  and m i s l e a d i n g  to  be
r e p r e s e n t e d  a s  a g e o m e t r i c  p o i n t  w i t h o u t  mass ,  ( 2) g e n e r a l l y ,  o r e  zones
do n o t  o c c u r  i n  p l a n e s ,  and (3) Cockayne (1970) s t a t e s  t h a t  a v a i l a b l e
computer  c o d e s  a r e  l i m i t e d  t o  p rob lem s  o f  20 t o  30 p o i n t s . .
Some a d d i t i o n a l  te rm s  a r e  needed  t o  c l e a r l y  d e f i n e  th e  min ing
problem t o t a l l y  a s  a ne tw ork  and th e y  a r e  c o n t a i n e d  i n  t h i s  p a r a g r a p h .
A g raph  G = G(V,r)  may be s im p ly  d e f i n e d  a s  c o n s i s t i n g  o f  a s e t  o f
no d es ,  V = { v . ,  v 0 . . . v  } ,  and a s e t  o f  a r c s ,  T = { b . , b_ . . . b } .i  L m I l n
I n  a d d i t i o n ,  i t  i s  s u f f i c i e n t  t o  d e f i n e  a s e t  o f  w e i g h t s ,  ( w ( v ^ ) } ,  such
t h a t  w(v_) . . .  w(v ) a r e  < 0 and w(v , , ) . . .  w(v ) > 0 .  An a r c ,  b . ,
1 g — g + i  m i
d e n o t e s  a l i n e  segment c o n n e c t i n g  some node v, t o  a n o t h e r  node v .  o r
k J
more s im ply  a s  (k ,  j ) . I n  te rm s  o f  t h e  m in ing  prob lem ,  t h e r e  i s  no
need t o  d e s c r i b e  a d i r e c t e d  g r a p h ,  t h e r e f o r e ,  ( i ,  j )  = ( j , i ) . Any
two nodes w i l l  be c a l l e d  a d j a c e n t  i f  t h e y  a r e  j o i n e d  by a s i n g l e  a r c .
A p a t h ,  IT may th e n  be d e f i n e d  a s  a s equence  o f  o r d e r e d  nodes  and a r c s
a s  ( v . ,  ( i ,  s ) , v  . . .  ( t ,  j )  , v .  ) .  A p a t h  a s  used  i n  t h i s  t h e s i s  i s  j
does n o t  c o n t a i n  any c y c l e s ;  t h a t  i s ,  f o r  t h e  sequence  o f  nodes  i n  th e  
p a t h ,  t h e r e  i s  no r e p e t i t i o n  o f  any node .  A co n n e c te d  g rap h  i s  d e f i n e d  
a s  a g raph  where t h e r e  e x i s t s  a t  l e a s t  one p a t h  from any a r b i t r a r y  s e t  
o f  nodes t o  a l l  o t h e r s  in  th e  g r a p h .  F i n a l l y ,  a t r e e  w i l l  be d e f i n e d  
a s  a co n n ec ted  g ra p h  h a v in g  no c y c l e s .  The n e a r e s t  n e i g h b o r  to  some
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node i ,  a s  used  i n  t h i s  t h e s i s ,  w i l l  be a s i n g l e  node j  from a s e t  o f  
p o s s i b l e  nodes  h av in g  t h e  l e a s t - c o s t  p a t h  from node i .
For  an  i n - d e p t h  d i s c u s s i o n  o f  n e tw ork  t e r m s ,  t h e  r e a d e r  i s  r e f e r r e d  
t o  F rank  and F r i s c h  ( 1 9 7 1 ) ,  pp.  9 -  29 ,  o r  Ford and F u l k e r s o n  ( 1 9 6 2 ) .
A l l  t e r m s ,  such  a s  a r c s ,  n o d e s ,  g r a p h s ,  t r e e s ,  p a t h s ,  a d j a c e n t  n o d e s ,  
e t c . , a r e  used  i n  t h e i r  g e n e r a l  r e f e r e n c e  t o  a g r a p h .
P roblem Formula t i o n
The g e n e r a l  s u b s u r f a c e  min ing  prob lem d e f i n e d  on a s e t  o f  b l o c k s  
may be s im p ly  s t a t e d  a s  f i n d :
max E w.X. i  r  i
Some t im e  and e f f o r t  was t a k e n  t o  model t h i s  r e l a t i o n s h i p  by some 
m a th e m a t i c a l  programming t e c h n i q u e s .  A t t e m p ts  to  f o r m u l a t e  th e  prob lem 
a s  a l i n e a r  and a s  an i n t e g e r  problem were  n o t  t r u l y  s u c c e s s f u l  from 
t h e  v i e w p o i n t  o f  t h e  g e n e r a l  p roblem.  D i f f i c u l t i e s  a r i s e  i n  d e f i n i n g  
a s e t  o f  l i n e a r  c o n s t r a i n t s .  I t  i s  a w e l l  known f a c t  t h a t  f o r  p r a c t i c a l  
s i z e  p roblems w i t h  n o n - l i n e a r  c o n s t r a i n t s ,  f i n d i n g  c o m p u t a t i o n a l l y  
e f f i c i e n t  com pute r  codes  i s  a p roblem t h a t  must  be c o n s i d e r e d .  The 
problem o f  c o n s t r u c t i n g  c o n s t r a i n t s  w hich  would s a t i s f a c t o r i l y  d e f i n e
such  t h a t  X
where r e p r e s e n t s  t h e  p r o d u c t  o f  a s equence  o f  g e o m e t r i c a l l y
a d j a c e n t  b l o c k s  l e a d i n g  from b lo c k  i  t o  t h e  s u r f a c e
and E r e p r e s e n t s  t h e  sum o f  a l l  p o s s i b l e  s e q u e n c e s ,  
j 1 i f  b l o c k  i  i s  mined
and X.
.0 i f  b l o c k  i  i s  n o t  mined
and w_̂  = w e ig h t  a s s i g n e d  t o  b l o c k  i .
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t h e  r e l a t i o n s h i p  be tw een  b l o c k s  i n  a d d i t i o n  to  d e f i n i n g  a g e n e r a l  
r e l a t i o n s h i p  which would g u a r a n t e e  c o n n e c t i v i t y  was n e v e r  found* The 
need  f o r  a n  i n t e g e r  s o l u t i o n  p l u s  t h e  need  f o r  comparing  a l t e r n a t i v e  
b l o c k  s e q u e n c e s  make t h i s  problem e x t r e m e l y  d i f f i c u l t  t o  f o r m u l a t e  i n  
g e n e r a l  t e r m s .  C o m p u t a t i o n a l  e f f i c i e n c y  o f  known i n t e g e r  codes  
d e c r e a s e s  a t  a r a t e  s i g n i f i c a n t l y  f a s t e r  t h a n  t h e  s i z e  o f  t h e  p rob lem .
I n  te rm s  o f  a n e t w o r k ,  th e  u l t i m a t e  underground m in ing  p l a n  may 
be s im ply  s t a t e d  a s :  f i n d  a c o n n e c te d  su b g ra p h ,  c a l l  i t  Gq , such  t h a t
t h e  w e ig h t s  b e l o n g i n g  t o  Gq i s  a maximum. I t  i s  a l s o  a g e n e r a l l y  
r e c o g n i z e d  f a c t  t h a t  t h e r e  a r e  many c o m p u t a t i o n a l  e f f i c i e n t  com puter  
codes  a v a i l a b l e  t o  s o l v e  l a r g e  n e tw ork  r e l a t e d  p ro b lem s ,  f o r  example - 
t h e  s h o r t e s t  r o u t e ,  t h e  maximum s p a n n in g  t r e e ,  and t h e  maximum f low .
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An a l g o r i t h m  f o r  f i n d i n g  t h e  u l t i m a t e  s u b s u r f a c e  min ing  
c o n f i g u r a t i o n  i s  g i v e n  i n  t h i s  s e c t i o n  and fo l lowed  by a d e t a i l e d  
d e s c r i p t i o n  o f  t h e  l e a s t - c o s t  p a t h  a l g o r i t h m  which i s  a fundam en ta l  
p a r t  o f  t h e  s o l u t i o n  a l g o r i t h m .  The l e a s t - c o s t  p a t h  problem i s
com parab le  t o  t h e  s h o r t e s t  r o u t e  p rob lem .  Much work h a s  been  done i n
t h e  deve lopment  o f  a l g o r i t h m s  f o r  th e  s h o r t e s t  r o u t e  problem.  The 
a l g o r i t h m  f o r  t h e  m in in g  problem i s  i n  two p a r t s ,  Phase 1 and Phase  2.
Phase  1 o f  t h e  s o l u t i o n  a l g o r i t h m  b e g i n s  by c o l l e c t i n g  a l l  o f  t h e  
p o s i t i v e l y  w e ig h te d  nodes  ( b l o c k s )  which a r e  a d j a c e n t  i n t o  a s i n g l e  
node h a v in g  a s  i t s  w e ig h t  t h e  sum o f  t h e  w e ig h t s  o f  a l l  i t s  i n d i v i d u a l  
members. Two nodes  a r e  c o n s i d e r e d  a d j a c e n t  i f  t h e y  a r e  s e p a r a t e d  by 
no more o r  no l e s s  t h a n  one a r c .  I f  no p o s i t i v e  nodes  e x i s t  o r  i f  o n ly
one i s  found ,  t h e  a l g o r i t h m  t e r m i n a t e s .  The Phase 1 t h e n  p ro c e e d s  by
t a k i n g  t h e  maximum from t h e  newly found d i s j o i n t  p o s i t i v e  nodes  and 
f i n d i n g  i t s  n e a r e s t  p o s i t i v e  n e i g h b o r  u s i n g  a l e a s t - c o s t  p a t h  a l g o r i t h m .
I f  t h e  w e ig h t  o f  t h e  two d i s j o i n t  p o s i t i v e l y  w e igh ted  nodes  p lu s  
t h e  l e a s t - c o s t  p a t h  i s  s t r i c t l y  g r e a t e r  t h a n  the  s t a r t i n g  node w e i g h t ,  
t h e  a l g o r i t h m  p r o c e e d s  by f i n d i n g  th e  l e a s t - c o s t  p a t h  t o  a p o s i t i v e  
n e i g h b o r  from t h e  combined subg raph  c o n s i s t i n g  o f  t h e  two p o s i t i v e  nodes  
p l u s  t h e  l e a s t - c o s t  p a t h .  The P hase  1 a l g o r i t h m  c o n t i n u e s  u n t i l  no 
a d d i t i o n a l  nodes  from t h e  s e t  o f  p o s i t i v e  nodes can  be b ro u g h t  i n t o  a 
c o n n e c te d  s e t  o f  nodes  ( b l o c k s ) .  Phase  1 w i l l  g i v e  a good s o l u t i o n ;  
however ,  i n  g e n e r a l  i t  may n o t  be o p t i m a l .  The n e c e s s a r y  c o n d i t i o n s  f o r  
a m a t h e m a t i c a l l y  o p t i m a l  s o l u t i o n  w i l l  be d i s c u s s e d  i n  d e t a i l  under
16
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" A lg o r i th m  S t r u c t u r e " .  For  Phase  1 a com puter  code  was d e v e l o p e d  
which  i s  d i s c u s s e d  u n d e r  " C o m p u ta t io n a l  E x p e r i e n c e " .
An u p p e r  bound on  t h e  v a l u e  o f  th e  u l t i m a t e  mine l a y o u t  
would be t h e  sum o f  a l l  t h e  p o s i t i v e l y  w e ig h te d  nodes  ( b l o c k s )  and a 
low er  bound would be z e r o  which  would im ply  t h e  a b s e n c e  o f  any 
p o s i t i v e  b l o c k s .  These  f a c t s  c o u l d  be u s e f u l  i n  d e c i d i n g  when t o  
t e r m i n a t e  t h e  a l g o r i t h m .  For  example ,  i f  t h e  up p e r  bound i s  n o t  
s u f f i c i e n t l y  l a r g e  t o  meet  c o r p o r a t e  o b j e c t i v e s ,  t h e  p r o j e c t  c o u l d  be 
abandoned im m e d i a t e l y  w i t h o u t  f u r t h e r  s t u d y .
P hase  2 d e s c r i b e s  a p r o c e d u r e  by w hich  a u s e r  may t r y  t o  improve 
upon t h e  s o l u t i o n  r e s u l t i n g  from Phase  1 t h r o u g h  t h e  i n t r o d u c t i o n  o f  
S t e i n e r  n o d e s .  A S t e i n e r  node may be s im p ly  th o u g h t  o f  a s  a node 
( b lo c k )  w h ich ,  i f  m ined ,  would r e s u l t  i n  a n e g a t i v e  r e t u r n ;  how ever ,  
i f  by m in ing  t h a t  p a r t i c u l a r  node i t  i s  p o s s i b l e  t o  use  t h i s  node a s  a 
common i n t e r s e c t i o n  o f  deve lopm ent  e n t r i e s  ( d r i f t s )  f o r  t h r e e  o r  more 
d i s j o i n t  p o t e n t i a l  o r e  z o n e s ,  t h e n  t h e  o v e r a l l  m in ing  c o s t s  would be  
r e d u c e d .
The s o l u t i o n  a l g o r i t h m  assumes t h e  p rob lem t o  be d e f i n e d  a s  a 
g e n e r a l  n e tw o rk  as  p r e v i o u s l y  d e s c r i b e d .  The r e a s o n s  f o r  d e f i n i n g  t h e  
m in ing  p rob lem  in  t e rm s  o f  a g e n e r a l  ne tw ork  were so t h a t  a g e n e r a l  
a l g o r i t h m  c o u ld  be found which  w i l l  work f o r  any number o f  d i f f e r e n t  
b l o c k  c o n f i g u r a t i o n s .
T h i s  s e c t i o n  may be o m i t t e d  by t h o s e  r e a d e r s  o n ly  i n t e r e s t e d  i n  
u s e  o f  t h e  a p p l i c a t i o n  o f  t h e  a l g o r i t h m .
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G e n e ra l  A lg o r i t h m  
I n  t h i s  s e c t i o n  t h e  a l g o r i t h m  used t o  s o l v e  the  g e n e r a l  u l t i m a t e  
s u b s u r f a c e  mine p rob lem  i s  a m p l i f i e d .  F o r  d e f i n i t i o n  o f  t e rm s ,  see  
Appendix  A.
P hase  _1
S te p  0 S e t  AliAX = 0 ,  s e t  ATEMP = 0 ,  s e t  S = 0 .
S t e p  1 C o l l e c t  a l l  v e r t i c e s  from t h e  s e t  { (v^+ ^) • . •
( v ^ ) } ,  w hich  a r e  a d j a c e n t ,  i n t o  P d i s j o i n t  s e t s
and form t h e  s e t  ^ ( v j )  I j  = 1 . . . P } . S e t
Tq = I f  P = 0 ,  s t o p ;  t h e  s o l u t i o n  s e t  i s
empty.  I f  P = 1,  s t o p ;  t h e  o p t i m a l  s o l u t i o n  i s
w ( v , ) . O th e rw is e  c o n t i n u e .  S e t  L. = 0 f o r
1 J
j = l . . . P .
S t e p  2 S e t  TEMP = 0 ,  s e t  i  = 1.
S t e p  3 I f  L. '= 00 f o r  a l l  j , go t o  P h a s e  2 .  Find q
such t h a t  w(v ) = max {w (v . )  L. = 0 ,
q J 1 J
j  = 1 . . . P> = TEMP. S e t  T.  = v and T = f i .
1 q
S te p  4 Find  l e a s t - c o s t  p a t h  I ( tt̂ ) f rom T^ + T to
n e a r e s t  p o s i t i v e  d i s j o i n t  n e i g h b o r  k .  I f  | I
TEMP, go t o  7 .
S t e p  5 I f  TEMP + wOr-?) + w(v ) > TEMP, s e t  TEMP = TEMPX K.
*f w(t t | )  + an<3 s e t  = 00 and go t o  s t e p  6 .
O th e r w i s e  s e t  T = l e a s t - c o s t  t r e e  and go to  s t e p  4 .
T -1462 19
i
S tep  6 In c re m e n t  i :  i  = i  +■ 1, S e t  T.  =  T. . +7T . +  v, •l  l - 1 i  k
I f  = 00 f o r  a l l  j ,  go t o  s t e p  7 .  O th e rw is e
s e t  T = ft and go to  s t e p  4 .
S t e p  7 I f  TEMP ATEMP, s e t  ATEMP = TEMP and s e t  T = T . .* o 1
Go t o  s t e p  2.
Phase  2 a l l o w s  t h e  u s e r  t o  f o r c e  any node n o t  p r e s e n t  i n  t h e  s o l u t i o n  
found i n  Phase  1 i n t o  t h e  s o l u t i o n  s e t .
Phase  2
S te p  1 I f  S = 0 ,  go t o  s t e p  2. S e t  ATEMP = ATEMP - M * S.
I f  ATEMP > AMAX, s e t  AMAX ~ ATEMP and T = T .— ’ o
S tep  2 O p t io n  t o  s t o p  a t  t h i s  i t e r a t i o n .
S te p  3 Out o f  t h e  s e t  o f  n o d e s ,  such  t h a t  -w(v ) 0 ,
s e l e c t  a s e t  o f  S t e i n e r  nodes  t  = 1 . . . S,
S _< P -  2.  S e t  w( v t ) -  w(v t ) + M, t  = 1 . . .
S,  and add v  t o  th e  s e t  o f  p o s i t i v e  n o d e s .
Go to  P hase  1, s t e p  2.
I t  i s  t h e  a u t h o r ' s  o p i n i o n  t h a t  u s i n g  good p e r c e p t u a l  judgment a t
t h i s  p o i n t  can  speed c o n v e rg e n c e  o f  a r e a l i s t i c  prob lem by h e l p i n g  to
r e d u c e  u n n e c e s s a r y  c o m p u t a t i o n a l  t ime  which  c o u ld  be i n t r o d u c e d  by an 
e n u m e ra t iv e  s e l e c t i o n  o f  S t e i n e r  n o d e s .
L e a s t - Cost  P a th  A lg o r i t h m  
A d e t a i l e d  l a b e l i n g  a l g o r i t h m  i s  g i v e n  f o r  f i n d i n g  t h e  l e a s t - c o s t  
p a t h  from any node q to  e v e r y  o t h e r  node t  i n  a n e tw ork  g iv e n  t h a t  a l l  
node w e ig h t s  a r e  n e g a t i v e  and w e ig h t s  on t h e  a r c s  a r e  a l l  z e r o .  The 
a l g o r i t h m  i s  e s s e n t i a l l y  a dynamic programming a p p ro ac h  v e r y  s i m i l a r  t o
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t h a t  s u g g e s t e d  by D re y fu s  ( 1 9 7 0 ) .  The m a jo r  d i f f e r e n c e  i s  t h e  f a c t  
t h a t  t h e  w e i g h t s  a r e  d e f i n e d  e x c l u s i v e l y  on th e  nodes  a s  opposed t o  
t h e  a r c s .  T h i s ,  i n  f a c t ,  s i m p l i f i e s  t h e  g e n e r a l  a p p ro ac h  s u g g e s t e d  
by D re y fu s  ( 1 9 7 0 ) .  I n  t e rm s  o f  t h e  g e n e r a l  a l g o r i t h m ,  a s e t  o f  
nodes  {q } would r e p r e s e n t  a s e t  o f  nodes  i n  a t r e e .
A lg o r i th m
S te p  1 Labe l  a s e t  o f  nodes  {q} a s  L ( - ,  0 ) .
S t e p  2 Find a node t  and s such  t h a t  1 (tt**) = min
q
g
{ 1  (tt ) +  w(v ) f o r  a l l  nodes  s and t  such  q t
t h a t  node  t  i s  u n l a b e l e d  and a d j a c e n t  t o  
a l a b e l e d  node} .
S t e p  3 L abe l  node  t  a s  L ( s ,  1 (ttu) ) .
q
S te p  4 Does an  u n l a b e l e d  node e x i s t ?  I f  y e s ,  go t o  
s t e p  2 .  O t h e r w i s e ,  s t o p .
NOTE: q and s a r e  in d e x e s  f o r  l a b e l e d  nodes and t  i s
tf o r  t h e  u n l a b e l e d .  A lso  f o r  t h e  l a b e l ,  L ( s ,  1(tt̂ ) ) ,  
s d e n o t e s  t h e  a d j a c e n t  node from which node t  i s  
l a b e l e d  and lCrrS d e n o t e s  t h e  b e s t  p a t h  from
q
node  t  t o  node q.
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DISCUSSION OF SOLUTION ALGORITHM
T h i s  s e c t i o n  i s  i n t e n d e d  to  h e l p  t h e  u s e r  t o  b e t t e r  u n d e r s t a n d  
t h e  a l g o r i t h m  j u s t  d e s c r i b e d  th ro u g h  t h e  u s e  o f  i l l u s t r a t e d  examples* 
I n  a d d i t i o n ,  t h e  u s e r  i s  g iv e n  some o f  t h e  background i n t o  t h e  
t h e o r e t i c a l  j u s t i f i c a t i o n  o f  t h e  a l g o r i t h m .
Sample P roblem
The f o l l o w i n g  p rob lem s  were  c o n s t r u c t e d  to  i l l u s t r a t e  how t h e  
a l g o r i t h m  works and u n d e r  what  c o n d i t i o n s  t h e  a l g o r i t h m  can  l e ad  to  
n o n - o p t i m a l  s o l u t i o n s .  The i l l u s t r a t i o n s  a r e  o v e r l y  s i m p l i s t i c  and 
i n  most  c a s e s  t h e  o p t i m a l  s o l u t i o n  i s  o b v i o u s .  I n  a r e a l i s t i c  
p rob lem ,  however ,  t h e  o p t i m a l  s o l u t i o n  w i l l  n o t  be o b v io u s .
F i g u r e  4 - a  g i v e s  a ne tw ork  e q u i v a l e n t  t o  a min ing  problem h a v in g  
t h r e e  d i s j o i n t  o r e  pods  (A, B, C) which  would y i e l d  a p a y o f f  o f  t e n  
u n i t s  each  i f  t h e y  c o u l d  be mined .  I n  a d d i t i o n ,  node G i s  a d j a c e n t  
t o  node C and y i e l d s  a n e t  o f  one u n i t .  For  example ,  i f  node G were 
exposed  to  t h e  s u r f a c e ,  t h e n  node C and G c o u ld  be mined a t  a combined 
p a y o f f  o f  11 u n i t s  b e c a u se  t h e y  a r e  a d j a c e n t .  I n  th e  w inn ing  o f  
nodes  A a n d / o r  B, i t  i s  p o s s i b l e  t o  p ro cee d  from C by t h r e e  d i f f e r e n t  
p a t h s  -  a l l  o f  w hich  c o n t a i n  n e g a t i v e l y  w e ig h ted  nodes .  O bv ious ly  
t h e n ,  t h e  u s e r  w i s h e s  t o  p i c k  t h e  p a t h  which  y i e l d s  th e  l e a s t - c o s t  
f o r  t h e  p o t e n t i a l  g a i n .  For  F ig u r e  4 - a  t h e  o p t i m a l  s o l u t i o n  i s ,  
o b v i o u s l y ,  e q u i v a l e n t  t o  t h e  node b l o c k s  A-F-B-E-C-G hav ing  a t o t a l  














FIGURE 4. -  G raphic  i l l u s t r a t i o n  f o r  p rob lem  ( a )  and (b )
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F or  t h e  problem i n  F i g u r e  4 - a ,  t h e  a l g o r i t h m  would p roceed  a s
f o l l o w s  b e g i n n i n g  a t  Phase  1:  S t e p  0 ,  s e t  AMAX, ATEMP, and S = 0
and move t o  s t e p  1.  F o r  s t e p  1 combine t h 2 node w e ig h t s  C and G and
form a s i n g l e  node .  C a l l  i t  node C. F i g u r e  4 -b  w i l l  t h e n  become
e q u i v a l e n t  t o  t h e  n e tw o rk  i n  F i g u r e  4 - a  where no two a d j a c e n t  p o s i t i v e l y
w e ig h ted  nodes  e x i s t .  P i s  e q u a l  t o  3 o r  . i n  t h i s  p roblem l e t  j  = A,
B, and C. S e t  L . , L , L = 0 ,  i  = 0 ,  and TEMP = 0 i n  s t e p  2. I n  s t e p  
A B C
3 ,  q = C b eca u se  t h e  maximum o f  { w(v ) ,  w(v ) ,  w(v ) } i s  w(v ) .  Now
A B ^ V/
s e t  L = 00 . I n  s t e p  4 t h e  l e a s t - c o s t  p a t h  from node C t o  e i t h e r  node
A o r  B would r e s u l t  i n  c h o o s in g  node E, which  y i e l d s  a n e t  o f  18 u n i t s .
The n e a r e s t  n e i g h b o r ,  k ,  t h e n  i s  node B. I n  s t e p  5 beca u se  18 > TEMP
(which was s e t  = 0 i n  s t e p  2 ) ,  s e t  L = 00 , and go t o  s t e p  6 . I n c r e m e n tB
i  ( i  = 1 +  1 = 2) and s e t  = (CE, EB} and go t o  s t e p  4 .  The l e a s t -  
c o s t  p a t h  from T£ to  t h e  r e m a in in g  d i s j o i n t  p o s i t i v e l y  w e igh ted  node 
( k  = A) would be t h e  a r c s  {BF, FA) w hich  y i e l d s  a n e t  o f  18 + (10 -  3)
-  25 which  i s  g r e a t e r  t h a n  TEMP ( 1 8 ) .  T h e r e f o r e  i n  s t e p  5 l e t  L = 00A
and p roceed  t o  s t e p  6 , t o  s t e p  7 ,  t o  s t e p  2 and f i n a l l y  t o  s t e p  3
where L , L , L = 00 , which  t e r m i n a t e s  P hase  1 p a r t  o f  th e  a l g o r i t h m .A B C
I f  i t  were d e s i r a b l e  t o  f o r c e  t h e  s o l u t i o n  th ro u g h  t h e  S t e i n e r  node S 
(Phase  2) , a l a r g e  p o s i t i v e  v a l u e ,  M, would be added t o  t h e  node 
w e ig h t  o f  S,  which  i n  t h i s  i n s t a n c e  would be -10 + M. R e t u r n i n g  to  
s t e p  1, Phase  1, and p a s s i n g  th ro u g h  t h e  Phase  1 a l g o r i t h m  a g a i n  w i l l  
y i e l d  a n e t  o f  21 + M. S u b t r a c t i n g  M from 21 + M g i v e s  an answ er  o f
21 which would be < 2 5 .  Thus f o r  t h i s  p rob lem ,  F ig u r e  4 -b  -  b e c a u se
t h e r e  i s  o n ly  1 p o s s i b l e  S t e i n e r  node -  t h e  s o l u t i o n ,  (CE, EB, BF, FA } ,
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i s  o p t i m a l .
To i l l u s t r a t e  t h e  two p o s s i b l e  a l t e r n a t i v e  k i n d s  o f  t h i n g s  t h a t  
c a n  c a u s e  t h e  P h a s e ‘ 1 t o  y i e l d  a m a t h e m a t i c a l l y  n o n - o p t i m a l  an s w er ,  
r e f e r  t o  F i g u r e  5.  W i thou t  t h e  i n t r o d u c t i o n  o f  a S t e i n e r  node ,  t h e
prob lem  i n  F i g u r e  5 -a  would r e s u l t  i n  a  s o l u t i o n ,  s i m i l a r  t o  t h a t
found i n  F i g u r e  4 - b ,  y i e l d i n g  a w e ig h t  o f  25;  however ,  f o r  t h i s  
p rob lem ,  t h e  ne tw o rk  ( SA, SB, SC) y i e l d s  26 u n i t s  which  i s  > 25.
By a d d in g  a l a r g e  p o s i t i v e  w e i g h t ,  M, t o  t h e  node w e ig h t  o f  S ( - 5  + M) 
t h e  P hase  1 a l g p r i t h m  would y i e l d  26 + M -  l e s s  M i s  26 - which  i s  >
25.  Thus t h e  o p t i m a l  g r a p h  Gq = { SA, SB, SC} h av in g  a t o t a l  w e ig h t
o f  26.  F i g u r e  5 -b  i l l u s t r a t e s  a s i t u a t i o n  where t h e  p o s i t i v e  d i s j o i n t  
nodes  a r e  n o t  o f  s u f f i c i e n t  w e ig h t  t o  a l l o w  t h e  a l g o r i t h m  t o  y i e l d  an  
o p t i m a l  answ er  w i t h o u t  f o r c i n g  t h e  S t e i n e r  node i n t o  t h e  s o l u t i o n .  Of 
i n t e r e s t  i s  t h a t  f o r  t h e  Phase  1 a l g o r i t h m  n o t  to  y i e l d  an o p t i m a l  
s o l u t i o n ,  t h e  o p t i m a l  g r a p h  Gq must c o n t a i n  a S t e i n e r  node .  D e t e c t i o n  
o f  S t e i n e r  nodes  i s  l e f t  t o  t h e  u s e r  i n  P h as e  2.  However, t h e  a u t h o r  
f e e l s  t h a t  i n  a r e a l  p roblem t h a t  i t  s h o u ld  n o t  be to o  d i f f i c u l t  t o  
v i s u a l l y  l o c a t e  t h e  most  o b v io u s  l o c a t i o n  o f  S t e i n e r  no d es .  
M a t h e m a t i c a l l y  t h e n  t h e  d e s c r i b e d  a l g o r i t h m  w i l l  y i e l d  an o p t i m a l  g i v e n  
t h a t  no S t e i n e r - t y p e  nodes  need be i n t r o d u c e d .
A lg o r i t h m  S t r u c t u r e
Given t h a t  we have an o p t i m a l  g r a p h ,  Gq , t o  t h e  u l t i m a t e  min ing  
l a y o u t  p r e v i o u s l y  s t a t e d  on a n e tw o rk ,  t h e r e  a r e  s e v e r a l  c h a r a c t e r i s t i c s  
t h a t  t h e  s o l u t i o n  w i l l  have .  They a r e :

















FIGURE 5- -  Graph ic  i l l u s t r a t i o n  f o r  p r o b le m  (a )  and (b)
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c o m p l e t e l y  w i t h i n  t h e  o p t i m a l  s o l u t i o n  o r
c o m p l e t e l y  o u t s i d e *
S ta t e m e n t  (2) C o n s i d e r i n g  o n ly  t h e  p o s i t i v e  d i s j o i n t  n o d e s ,  v ^ ,
such  t h a t  i  = 1 • • • P and an  a b s en ce  o f  S t e i n e r
n o d e s ,  t h e  o p t i m a l  p a t h  c o n n e c t i n g  t h e s e  P d i s j o i n t
nodes  must  be a maximum sp an n in g  t r e e *
S ta t e m e n t  (3)  T here  x^ il l  b e ,  a t  m o s t ,  P -  2 S t e i n e r  nodes  f o r  a
p rob lem  w i t h  P p o s i t i v e  d i s j o i n t  nodes  v^*
S ta t e m e n t  (1) may be e a s i l y  shown t o  be t r u e .  I f  we assume t h a t
two a d j a c e n t  p o s i t i v e  w e ig h ted  nodes  a r e  n o t  b o th  i n  t h e  o p t i m a l
s o l u t i o n ,  t h e  s o l u t i o n  i s  o b v i o u s l y  n o t  o p t i m a l  b e c a u s e  a b e t t e r
s o l u t i o n  co u ld  be found by s im ply  i n c l u d i n g  t h e  a d j a c e n t  node n o t
p r e s e n t l y  i n  t h e  s o l u t i o n  s e t .
The second s t a t e m e n t  i m p l i e s  t h a t  t h e  o p t i m a l  s o l u t i o n ,  g i v e n  no
S t e i n e r  nodes  e x i s t ,  i s  a maximal s p a n n in g  t r e e .  F i r s t ,  t h e  o p t i m a l
must  be a t r e e  b e c a u s e  i f  i t  were n o t ,  a t  l e a s t  one node h av ing  a
n e g a t i v e  w e ig h t  c o u ld  be dropped w i t h o u t  d e s t r o y i n g  t h e  c o n n e c t i v i t y
o f  t h e  nodes  i n  t h e  s e t  t h u s  a b e t t e r  s o l u t i o n  i s  p o s s i b l e .  A
s p a n n in g  t r e e  i s  h e r e  d e f in e d  as  t h e  t r e e  c o n s i s t i n g  o f  o n ly  t h e
n e g a t i v e l y  w e ig h ted  nodes  c o n n e c t i n g  a l l  o f  t h e  nodes  b e l o n g in g  t o  t h e
s e t  { v . } .  S ec o n d ly ,  g iv e n  we have  an o p t i m a l  s p ann ing  t r e e ,  G , assume 
1  * o
we f i n d  a p a t h  n o t  i n  th e  o p t im a l  t r e e  be tween  some p a i r  o f  nodes  i n  t h e  
s e t  ( )  which i s  b e t t e r  t h a n  some p a t h  i n  G^. T h i s  assumed p a t h  
t o g e t h e r  w i t h  some s e t  o f  a r c s  and nodes  i n  Gq w i l l  form a c y c l e .  The 
l e n g t h  o f  t h e  assumed pa th  must  be l e s s  t h a n  th o s e  p a t h s  c o n n e c t i n g  
p a i r e d  nodes  i n  t h e  s e t  { v . }  i f  i t  i s  t o  l e a d  to  an  improvement.
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B ecause  t h i s  p a t h  i s  n o t  i n  Gq , i t  must  be s t r i c t l y  g r e a t e r  t h a n  th e  
o t h e r  p o s s i b l e  p a t h s .  T h e r e f o r e ,  by c o n t r a d i c t i o n  o f  t h e  a s s u m p t i o n ,  
we c o n c lu d e  t h a t  Gq m us t  be a maximal sp an n in g  t r e e .
R epea ted  u sage  o f  t h e  l e a s t - c o s t  a l g o r i t h m  c o n s t r u c t s  a s t a g e - w i s e  
s p a n n in g  t r e e  f o r  t h e  s e t  o f  d i s j o i n t  p o s i t i v e l y  w e igh ted  no d es .  However,  
i t  i s  p o s s i b l e  t h a t  t h e  g e n e r a l  a l g o r i t h m  w i l l  c o n s t r u c t  a f o r e s t  (more 
t h a n  one t r e e )  i n  w h ic h  c a s e  t h e  maximum g r a p h ,  Gq , w i l l  o c c u r  w i t h i n  
some s u b s e t  o f  v^  t y p e  n o d e s .  I n  o t h e r  w ords ,  t h e  g e n e r a l  a l g o r i t h m  
t e r m i n a t e s  whenever t h e  s p ann ing  t r e e  f o r  some s u b s e t  r e s u l t s  in  a 
n e g a t i v e  c o n t r i b u t i o n .  I n  t h i s  s i t u a t i o n  t h e  a l g o r i t h m  s im ply  p i c k s  t h e  
maximum from t h e  s u b s e t  o f  s p a n n in g  t r e e s .
I n  t e rm s  o f  t h e  g e n e r a l  p rob lem ,  t h e  a l g o r i t h m  i t s e l f  may i n t r o d u c e  
S t e i n e r  n o d e s .  T h e r e f o r e ,  s t a t e m e n t  (2)  i s  n o t  a s t r o n g  s t a t e m e n t .  The 
u s e f u l n e s s  o f  t h i s  s t a t e m e n t  -  g i v e n  t h a t  we can d e f i n e  a l l  o f  t h e  
S t e i n e r  t y p e  nodes  i s  t h a t  t h e  a l g o r i t h m  h e r e i n  (Phase  1) w i l l  y i e l d  an 
o p t i m a l  s o l u t i o n .
S t a t e m e n t  (3) c a n  a l s o  be e a s i l y  shown to  be t r u e  b eca u se  we assumed
t h a t  t h e  number o f  a r c s  i n c i d e n t  t o  S t e i n e r  nodes  must  be a t  l e a s t  t h r e e .
Any more t h a n  t h r e e  w i l l  j u s t  r e d u c e  t h e  number o f  p o s s i b l e  S t e i n e r  nodes
f o r  a f i x e d  number o f  P d i s j o i n t  p o s i t i v e l y  w e ig h ted  n o d e s .  The t o t a l
number o f  S t e i n e r  n o d e s  S must  be s t r i c t l y  l e s s  t h a n  S* which w i l l  be
h e r e  d e f i n e d  a s  t h e  maximum number f o r  a f i x e d  number P o f  p o s i t i v e l y
w e ig h t e d  n o d e s .  T h e r e f o r e ,  t h e  t o t a l  number o f  a r c s  may be g i v e n  a s
3S* 4- P which  f o r  a  t r e e  -  r e f e r  t o  s t a t e m e n t  (2) -  i s  e q u i v a l e n t  to  
2
S* + P - l  n o d e s .  S o l v i n g  f o r  S* i n  t e rm s  o f  P y i e l d s  S* = P-2  o r  S £  F“ 2
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w hich  c o m p le t e s  t h e  p r o o f .
I n  a d d i t i o n  t o  p r o o f s  a s s o c i a t e d  w i t h  th e  g e n e r a l  a l g o r i t h m ,  t h e  
f o l l o w i n g  g i v e s  a b r i e f  r e v ie w  o f  t h e  l e a s t - c o s t  a l g o r i t h m .  The 
l e a s t - c o s t  p a t h  a l g o r i t h m ,  upon which t h e  u l t i m a t e  underground prob lem 
i s  b a s e d ,  i s  s i m i l a r  t o  t h e  l a b e l i n g  a l g o r i t h m  f i r s t  d e s c r i b e d  by
D i j l c s t r a ,  W h i t in g ,  and H i l l i e r  -  see  D re y fu s  ( 1 9 7 0 ) ,  p.  396.
The p r im a r y  d i f f e r e n c e  be tween  what i s  w r i t t e n  by D rey fu s  and 
l e a s t - c o s t  p a t h  a l g o r i t h m  d e s c r i b e d  h e r e i n  i s  how t h e  w e ig h t s  a r e  
d e f i n e d .  For  t h e  m in ing  problem a l l  w e i g h t s  a r e  d e f i n e d  on t h e  nodes  
a s  opposed  t o  t h e  a r c s  f o r  t h e  s t a n d a r d  s h o r t e s t  r o u t e  a l g o r i t h m .  I n  
a d d i t i o n ,  D re y fu s  s t a t e s  t h e  s h o r t e s t  r o u t e  problem as  a m i n i m i z a t i o n  
t e c h n i q u e  compared t o  a m a x im iz a t io n  f o r  t h e  min ing  p rob lem .  He, a l s o ,
d e f i n e s  p o s i t i v e l y  w e ig h te d  a r c s  ( i t  i s  s u f f i c i e n t  to  have  no n e g a t i v e
c y c l e s )  compared t o  e s s e n t i a l l y  a s e t  o f  n e g a t i v e l y  w eigh ted  nodes  i n  
t h e  m in ing  p rob lem .
The l a b e l i n g  a l g o r i t h m ,  d e s c r i b e d  by D re y fu s ,  works w i t h  two 
m u t u a l l y  e x c l u s i v e  and t o t a l l y  e x h a u s t i v e  s e t s  o f  n o d e s ,  e i t h e r  
pe rm a n e n t ly  l a b e l e d  o r  t e m p o r a r i l y  l a b e l e d  n o d e s .  At each  i t e r a t i o n  
o f  t h e  l a b e l i n g  a l g o r i t h m ,  one node i s  t r a n s f e r r e d  t o  t h e  p e rm a n e n t ly  
l a b e l e d  s e t  and t h e  a l g o r i t h m  t e r m i n a t e s  when t h e r e  a r e  no more nodes  
l e f t  i n  t h e  t e m p o ra ry  s e t .  The a l g o r i t h m  t h u s  c o n s t r u c t s  a maximal 
sp ann ing  t r e e .
P r o o f  o f  t h e  l e a s t - c o s t  l a b e l i n g  a l g o r i t h m ,  a s  used  i n  t h i s  p a p e r ,  
may be made by i n d u c t i o n .  The r e a d e r  i s  reminded  t h a t  t h e  l e a s t - c o s t
a l g o r i t h m  i s  d e f i n e d  c o m p le t e ly  on a s e t  o f  n e g a t i v e l y  w e igh ted  n o d e s .
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At any s t a g e  i n  t h e  l e a s t - c o s t  a l g o r i t h m  t h e  nodes may be c l a s s i f i e d  
i n t o  two s e t s  -  one c o n t a i n i n g  t h e  l a b e l e d  s e t  o f  nodes  and a n o t h e r  
c o n t a i n i n g  a l l  t h e  u n l a b e l e d  s e t s  o f  nodes* Labe led  nodes  a r e  t h o s e  
nodes  f o r  which a l e a s t - c o s t  has  been  d e f i n e d  to  a s o u r c e  node* For 
a l l  t h o s e  nodes  in  t h e  u n l a b e l e d  s e t ,  i t  i s  p o s s i b l e  t o  f i n d  t h e  
l e a s t - c o s t  d i s t a n c e  t o  t h e  so u rc e  node such t h a t  a l l  nodes  i n  t h e  
l e a s t - c o s t  p a t h  w i l l  be i n  t h e  l a b e l e d  s e t  e x c e p t  one which  w i l l  be i n  
t h e  u n l a b e l e d  s e t .  C a l l  t h i s  d i s t a n c e  t e m p o ra ry .  O b v io u s ly ,  t h e n  t h e  
node in  t h e  u n l a b e l e d  s e t  which  h a s  t h e  minimum tem p o ra ry  d i s t a n c e  may 
be t r a n s f e r r e d  to  t h e  l a b e l e d  s e t .  For i f  we assume t h a t  t h e r e  e x i s t s  
a b e t t e r  p a t h  ( l e s s  c o s t l y ) , i t  would have t o  e x i s t  a s  a p a t h  i n  t h e  
u n l a b e l e d  s e t .  Because a l l  o f  t h e  nodes  a r e  n e g a t i v e l y  w e ig h t e d ,  t h i s  
p a t h  does n o t  e x i s t .
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IMPLEMENTATION
T h i s  s e c t i o n  g i v e s  t h e  u s e r  t h e  d e t a i l s  r e q u i r e d  t o  u t i l i z e  t h e  
com pute r  program c o n t a i n e d  i n  Appendix  C t o g e t h e r  w i t h  a sample 
problem t o  i l l u s t r a t e  to  t h e  u s e r  how he m igh t  i n t e r p r e t  a c o a l  
p r o p e r t y  a s  a s e t  o f  w e ig h te d  b l o c k s .
A p p l i c a t i o n  t o  a_ Coal  P r o p e r t y  
S e t t i n g  up a p roblem t o  be s o lv e d  u s in g  t h i s  b a s i c  a p p ro ac h  
demands a c e r t a i n  amount o f  i n n o v a t i o n  on b e h a l f  o f  t h e  u s e r .  For 
example ,  a u s e r  migh t  w ish  t o  a l l o c a t e  t o  a b l o c k  ( h a v in g  l e n g t h ,  
w i d t h ,  and dep th )  a p o r t i o n  o f  t h e  b l o c k  unmined f o r  p u rp o s e s  f o r  
ground s u p p o r t .  I n  t e rm s  o f  t h e  n e tw o rk  e q u i v a l e n t ,  t h i s  f a c t  w i l l  be 
r e p r e s e n t e d  by a node w e i g h t .  I n  t h e  e v e n t  o f  an uneconomic b l o c k ,  
t h e  u s e r  m igh t  choose  t o  c o n s i d e r  o n l y  t h e  c o s t  o f  d r i v i n g  development 
e n t r i e s  t h r o u g h  t h e  b l o c k .  On t h e  o t h e r  hand,  a u s e r  migh t  w ish  t o  
d e f i n e  a b l o c k  a s  a m in a b le  u n i t  e q u i v a l e n t  to  n e t  w o r th  o r  a mine 
s u p p o r t  u n i t  ( a s s i g n  a l a r g e  c o s t ) . The b lo c k  w e ig h t  need n o t  be a 
c o s t ;  i t  c o u l d  be t h e  r i s k  o f  r o o f  f a l l  in  a p a r t i c u l a r  b l o c k  and t h e  
u s e r  w i s h e s  t o  f i n d  t h e  b e s t  deve lopm ent  e n t r y  l a y o u t  between two o r  
more p o i n t s  h av in g  t h e  l e a s t  chance  o f  a r o o f  f a l l .  -
An i l l u s t r a t i v e  p rob lem i s  g i v e n  i n  F i g u r e  6  f o r  a h y p o t h e t i c a l  
c o a l  mine .  The r e a d e r  i s  u rged  t o  s t u d y  t h i s  f i g u r e  b e f o r e  p r o c e e d in g  
w i t h  t h e  t e x t .  F o r  t h i s  i l l u s t r a t i o n ,  t h e  problem i s  c o n t a i n e d  




































































r e a l - l i f e  a t h r e e - d i m e n s i o n a l  model migh t  be  much more r e a l i s t i c #  The 
s q u a r e  i s  a r e a l i s t i c  b l o c k  c o n f i g u r a t i o n  a s  a c o a l  seam i s  n o r m a l l y  
mined c o n s i s t e n t  w i t h  a r e c t i l i n e a r  movement.  For  a c o a l  s e = n  t h e  
c o o r d i n a t e  d i r e c t i o n s  w ould ,  more t h a n  l i k e l y ,  be s t r u c t u r e d  so  t h a t  
t h e y  c o i n c i d e  w i t h  b u t t s  and c l e a t s  ( p l a n e s  o f  weakness)  i n  t h e  c o a l  
seam, b u t  n o t  n e c e s s a r i l y .  T h i s  would be d e p en d e n t  upon g r o u n d  
c o n t r o l  p rob lem s .  The b lo c k  s i z e  has  been  t a k e n  e q u a l  t o  800 by 800 
f e e t  w i t h  b l o c k  w e ig h t  e q u i v a l e n t  t o  t h e  n e t  w o r th  t o  t h e  m i n i n g  
company,  c a l l  i t  Company A. Block w e i g h t s  m igh t  be e n t i r e l y  d i f f e r e n t  
f o r  a n o t h e r  company. A b lo c k  i n  which  t h e  n e t  w or th  i s  l e s s  t h a n  z e r o  
f o r  t h i s  prob lem i n d i c a t e s  t h a t  as  a minimum r e q u i r e m e n t ,  a n  a c c e s s  
( s e t  o f  e n t r i e s )  be d r i v e n  t h r o u g h  th e  bl  - k .  T h i s  assumes t h a t  t h e  
c o s t  o f  raining in  e i t h e r  d i r e c t i o n  i s  t h e  same,  w h e re a s ,  i n  r e a l i t y  
t h i s  migh t  n o t  be p r e c i s e l y  t r u e .
I f  t h e r e  does n o t  e x i s t  a n a t u r a l  a c c e s s  t o  t h e  s u r f a c e ,  a s  i s  t h e  
s i t u a t i o n  f o r  many m i n e r a l  d e p o s i t s ,  i t  would be n e c e s s a r y  t o  a s s i g n  
some s u b s e t  o f  s u r f a c e  b l o c k s  a l a r g e  p o s i t i v e  w e i g h t .  T h i s  would 
f o r c e  w ha teve r  m a t e r i a l  t h a t  c o u ld  be e c o n o m ic a l ly  mined t o  be c o n n e c te d  
t o  t h e  s u r f a c e .  I n  a d d i t i o n ,  i f  i t  were  d e s i r a b l e  f o r  some r e a s o n  t o  
f o r c e  t h e  mine th ro u g h  a p a r t i c u l a r  s e t  o f  b l o c k s ,  t h i s  c o u l d  be  
accom pl i shed  by add ing  an  a r t i f i c i a l  b lo c k  w e ig h t  t o  t h o s e  b l o c k s  ( t o  
be  s u b t r a c t e d  l a t e r ) .  To f o r c e  t h e  p rob lem t o  t h e  s u r f a c e  i n  t h i s  
prob lem ,  b lo c k s  (column 4 ,  5 ,  and 6  i n  row 12) were g iv e n  a n  a r t i f i c i a l  
w e ig h t  e q u a l  to  $100,000 e a c h .  From a p r a c t i c a l  v i e w p o i n t  t h e s e  b l o c k s  
m igh t  be c o n s id e r e d  as  p o t e n t i a l  s i t e s  o f  a mine p l a n t  o r  mine p o r t a l
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( e n t r y  i n t o  mine) • For t h i s  problem t h r e e  s u r f a c e  o i l  w e l l s  a r e  
l o c a t e d  i n  t h e  c o a l  seam o f  i n t e r e s t .  The c o s t  o f  min ing  th ro u g h  
t h e s e  b l o c k s  c o n s i d e r e d  such  c o s t s  a s  p lu g g i n g  the  w e l l s  o r  t h e  
u n c e r t a i n t y  o f  t h e  w e l l  l o c a t i o n  w i t h i n  t h e  b l o c k .  The Coal  Mine 
S a f e t y  Act  o f  1969,  75 .1700*  s p e c i f i e s  t h a t  a b a r r i e r  o f  300 f e e t  
must  be m a i n t a i n e d  a round  an  a c t i v e  o r  i n a c t i v e  o i l  o r  g a s  w e l l .
T h i s  f a c t  i s  r e f l e c t e d  i n  t h e  w e ig h t s  o f  t h e  b lo c k s  w i t h i n  t h e  
ne ig h b o rh o o d  o f  o i l  w e l l s .  The p h y s i c a l  and chem ica l  p r o p e r t i e s  o f  
t h e  c o a l ,  t h e  o w n e r s h ip ,  t h e  n e a r n e s s  t o  power l i n e s ,  l o c a t i o n  o f  
o ld  mine w o rk in g s ,  chem ica l  and p h y s i c a l  p r o p e r t i e s  o f  t h e  c o a l ,  e t c . ,  
a l l  had a b e a r i n g  on t h e  a s s i g n e d  b lo c k  w e i g h t .
R e s u l t s  t o  t h i s  p a r t i c u l a r  p rob lem a r e  g iv e n  in  Appendix B. Of
i n t e r e s t  i n  t h i s  p a r t i c u l a r  p rob lem i s  t h a t  t h e  r e s u l t s  would n o t  be
c o n s i s t e n t  w i t h  one*s  i n t u i t i v e  c o n c e p t s  a s  t o  mine l a y o u t .  However, 
by s t r a t e g i c a l l y  r e a s s i g n i n g  b l o c k  w e i g h t s  and r e p e t i t i v e  use  o f  
a l g o r i t h m  h e r e i n  d e s c r i b e d ,  t h e  u s e r  c o u l d  s tu d y  many a l t e r n a t i v e  p l a n s  
a t  a min im a l  c o s t .  V ary ing  t h e  b l o c k  s i z e  would a l l o w  t h e  u s e r  t o  
compare d i f f e r e n t  me thods  o f  m i n in g .
Given an  i n i t i a l  s o l u t i o n  t o  a p a r t i c u l a r  problem,  a u s e r  m igh t  
want  t o  e x p l o r e  o t h e r  p o s s i b l e  a l t e r n a t i v e s  by f o r c i n g  t h e  p a t h  
c o n n e c t i n g  t h e  d i s j o i n t  b l o c k s  t h r o u g h  p a r t i c u l a r  b lo c k s  p o s s i b l y  
a t t e m p t i n g  t o  f i n d  a S t e i n e r  b l o c k .  A g a in ,  t h e  p o s s i b i l i t i e s  a r e
c o m p l e t e l y  dependen t  upon t h e  i n n o v a t i v e n e s s  o f  th e  u s e r .
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CompuNat ional  E x p e r i e n c e  
A com puter  program was d e v e lo p e d  in  F o r t r a n  XV f o r  a Bureau o f  
Mines  Burroughs  5500 i n  D enver .  A copy o f  t h e  compute r  program i s  
i n c lu d e d  i n  Appendix  C. The compute r  program i s  w r i t t e n  t o  h a n d l e  
a problem w i t h  a maximum o f  6 ,000  b l o c k s .  The upper  bound on t h e  
p rob lem s i z e  i s  o n ly  d e p en d e n t  upon t h e  s i z e  o f  c o r e  a v a i l a b l e .  The 
p r o c e s s o r  t i m e  was found t o  be dependen t  upon t h e  number o f  d i s j o i n t  
p o s i t i v e  b l o c k s .  T a b le  1 g i v e s  t h e  r e s u l t s  f o r  4 d i f f e r e n t  s i z e  
p ro b lem s .
T ab le 1  “ C om puta t ion  R e s u l t s  f o r 4 D i f f e r e n t  S i z e  P rob lem s
Problem S i z e
Number
D i s j o i n t
Blocks
C om p u ta t io n a l  Times ( s e c . )  
P r o c e s s o r  I .  0 .
I J K
6 6 1 3 3 14
1 2 9 1 5 7 14
5 2 0 3 17 38 16
1 0 1 0 6 2 33 14
I n p u t  r e q u i r e m e n t s  c o n s i s t  p r i m a r i l y  o f  t h e  b l o c k  w e i g h t s ,  
p roblem p a r a m e t e r ,  p rob lem  t i t l e ,  and t h e  o u t p u t  n e e d s .  I n p u t  must  be 
p r e p a r e d  i n  t h e  f o l l o w i n g  s e q u e n c e  and c o n t a i n  t h e  f o l l o w i n g  
i n f o r m a t i o n :
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Card 1̂ -  O p t io n  Card
Column V a r i a b l e  Name
1 - 5
6 -  10
LIST
PLOT
D e s c r i p t i o n
1 L i s t  Block 
Weights
1 ^  P l o t  D i s j o i n t  
P o s i t i v e  Blocks  
and N e g a t i v e  
P a t h  i n  S o l u t i o n
Card 2 -  P rob lem Name 
Column 
1 -  78
V a r i a b l e  Name
PHT
D e s c r i o t i o n
Problem T i t l e  (13A6)
Card 2 -  Data Format
Format o f  d a t a  on c a r d s  ( l e f t  j u s t i f y  and in c l u d e  b r a c k e t s )
Card 4 -  P a r a m e te r  Card 
Column
1 - 5  
6 - 1 0  
11 -  15
V a r i a b l e  Name 
I J K ( l )  -  IHAX 
IJK(2)  -  JMAX 
IJK(3)  -  KMAX
D e s c r i p t i o n  
Number Rows 
Number Columns 
Number S e c t i o n s
Card 4 — Data  * « •
Data ( ( I ,  J ,  X) ,  I  = 1, IMAX, J  = 1, JMAX, K * 1, KMAX ) 
(Program s t o r e s  d a t a  i n  a o n e - d i m e n s i o n a l  a r r a y ,  B lock  ( I ) . )
O u tpu t  i s  u n d e r  program c o n t r o l  t o  t h e  e x t e n t  t h a t  t h e  b lo c k  
w e ig h t s  may be p r i n t e d  o r  s u p p r e s s e d  a s  can  t h e  p l o t  o f  t h e  s o l u t i o n .  
I n c lu d e d  i n  Appendix  B i s  a copy o f  t h e  o u t p u t  f o r  t h e  sample p rob lem 
g i v e n  i n  F ig u r e  6 .
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CONCLUSIONS AND EXTENSIONS
The a l g o r i t h m  d e f i n e d  i n  t h i s  t h e s i s  o f f e r s  t h e  mining  e n g i n e e r  
a s im p le  t e c h n i q u e  f o r  d e l i n e a t i n g  t h e  e n d - o f - l i f e  mine p l a n .  I n  
a d d i t i o n  t h r o u g h  t h e  u se  o f  a com puter  p rogram ,  t h e  t e c h n i q u e  was 
d e m o n s t r a t e d  t o  be p rog ram ab le  and r e a s o n a b l y  e f f i c i e n t  f o r  s m a l l  
p rob lem s .  I n  v iew o f  the. l a c k  o f  com parab le  s t u d i e s ,  i t  i s  
e x c e e d i n g l y  d i f f i c u l t  t o  f a i r l y  e v a l u a t e  t h i s  work;  however,  t h e  
a u t h o r  i s  e x t r e m e l y  o p t i m i s t i c  a s  t o  t h e  p o t e n t i a l  o f  t h i s  s t u d y .
F o r m u la t in g  t h e  u l t i m a t e  s u b s u r f a c e  min ing  problem u s in g  b l o c k  
w e i g h t s  i g n o r e s  t h e  t im e  v a l u e  o f  money. At f i r s t ,  t h i s  a p p e a r s  t o  
be a drawback o f  t h e  method;  however ,  i n  r e a l i t y  t h i s  method f o r c e s  
t h e  i n d i v i d u a l  to  d e s i g n  f o r  t h e  long  te rm  c o n s i s t e n t  w i t h  c o n s e r v a t i o n  
o f  r e s o u r c e s .  - G e n e r a l l y  i n  m in in g ,  development c o s t s  a r e  h i g h e r  t h a n  
p r o d u c t i o n  c o s t s  and ,  t h e r e f o r e ,  t h e  f a s t e r  a mine can  be b r o u g h t  i n t o  
p r o d u c t i o n ,  t h e  g r e a t e r  w i l l  be i t s  p r e s e n t  w o r th .  However,  f o r c i n g  a 
mine i n t o  e a r l y  p r o d u c t i o n  may have t h e  e f f e c t  o f  i n c r e a s i n g  f u t u r e  
deve lopment  c o s t s .  I n  f a c t ,  f a v o r i n g  p r o d u c t i o n  a t  t h e  expense  o f  
deve lopment  may l e ad  t o  t h e  l o s s  o f  a p o t e n t i a l  r e s o u r c e .
The g e n e r a l  p ro c e d u re  g iv e n  i n  t h i s  p a p e r  w i l l  have a p p l i c a t i o n  
t o  a wide  r an g e  o f  s u b s u r f a c e  m i n i n g - t y p e  p rob lem s .  I n t e r p r e t a t i o n  o f  
b lo c k  w e i g h t s  cou ld  be o t h e r  t h a n  a d o l l a r  c o s t ;  f o r  example ,  i t  c o u ld  
r e p r e s e n t  a r i s k  o r  some e s t i m a t e  o f  h a z a rd  to  be e n c o u n te r e d  i n  a 
p a r t i c u l a r  b l o c k .  T h e re b y ,  t h e  a l g o r i t h m  cou ld  be used  t o  s tu d y
36
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p o s s i b l e  e s c a p e  r o u t e s  g i v e n  a d i s a s t e r  has  o c c u r r e d  a t  some p l a c e  in  
t h e  mine network#
T h i s  g e n e r a l  a l g o r i t h m  i s  c o n s t r a i n e d  i n  t h a t  no a c c o u n t  i s  made 
f o r  th e  d i r e c t i o n  i n  w hich  a b lo c k  i s  t o  be e x t r a c t e d .  For  example ,  
i t  would be l e s s  c o s t l y  t o  e x t r a c t  a b l o c k  from t h e  bo t tom  a s  opposed 
t o  e x t r a c t i n g  i t  from t h e  top  o r  s i d e .  I n  f a c t  i n  a c o a l  m ine ,  t h e  
c o s t  o f  c u t t i n g  p a r a l l e l  t o  t h e  f a c e  c l e a t s  i s  somewhat l e s s  c o s t l y  
t h a n  c u t t i n g  p a r a l l e l  t o  th e  b u t t s .  The p rob lem  o f  min ing  c o s t  migh t  
be b e s t  accom pl i shed  by a s s i g n i n g  a r c  w e i g h t s  i n  a d d i t i o n  t o  t h e  node 
w e i g h t s ,  a l l o w i n g  t h e  a r c  w e i g h t s  t o  r e p r e s e n t  t h e  min ing  c o s t  o f  
min ing  b lo c k  j  from b l o c k  i  and t h e  node w e i g h t ,  t h e  b lo c k  m i n e r a l  w o r th .
A problem p r e s e n t e d  by t h e  o r t h o g o n a l  n e tw o rk  a s  deve loped  
h e r e i n  f o r  t h e  com puter  program i s  t h a t  t h e  a l t e r n a t i v e s  f o r  moving 
from b lo c k  t o  b lo c k  i s  c o n s t r a i n e d  t o  an  o r t h o g o n a l  movement ( f o r w a r d s  
and back ,  l e f t  o r  r i g h t ,  up o r  down). W i th o u t  t h e  l o s s  o f  g e n e r a l i t y ,  
s p e c i f i c a l l y  w i t h  r e s p e c t  t o  t h e  com puter  p rog ram ,  t h e  b a s i c  ne tw ork  
cou ld  be m o d i f i e d  t o  a l l o w  a u s e r  t o  move d i a g o n a l l y  a c r o s s  b l o c k s  o r  
p o s s i b l y  even  s k ip  p a r t i c u l a r  b l o c k s  i f  t h e  s t r a t e g y  f o r  b l o c k  jumping 
cou ld  be g e n e r a l i z e d .  Use o f  o t h e r  b a s i c  g e o m e t r i c  c o n f i g u r a t i o n s  
would a l s o  g i v e  t h e  u s e r  more f l e x i b i l i t y .  Use  o f  hexagons  i n  a two- 
d im e n s io n a l  s p a c e ,  f o r  example ,  a l l o w s  t h e  u s e r  s i x  d e g r e e s  o f  f reedom 
t o  advance from a p a r t i c u l a r  b lo c k  a s  compared to  o n ly  f o u r  i n  a p l a n e  
f o r  which t h e  com puter  program was w r i t t e n .  R e f e r  t o  F i g u r e  2 and t h e  
book by Cole and King (1968) f o r  o t h e r  p o s s i b l e  g e o m e t r i e s .  The 
im por tance  o f  u s in g  an  o r t h o g o n a l  s e t  o f  b l o c k s  l i e s  i n  t h e  f a c t
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t h a t  b e c a u s e  o f  t h e  h i g h l y  s t r u c t u r e d  r e s u l t i n g  ne tw ork ,  t h e r e  i s  no 
need  t o  s t o r e  an  e l a b o r a t e  a r c  i n c i d e n t  m a t r i x .
The a u t h o r  i s  o f  t h e  o p i n i o n  t h a t  much c o u ld  be done i n  d e s i g n i n g  
a s t r a t e g y  f o r  ( 1 ) d e s i g n i n g  a p r o d u c t i o n  s c h e d u l i n g  sequence  f o r  a 
g i v e n  o r e  zone o r  ( 2 ) d e s i g n i n g  a s a f e  p i l l a r  c o n f i g u r a t i o n  f o r  a g i v e n  
mine by m o d i fy in g  t h e  b a s i c  o r t h o g o n a l  n e tw o rk  p r e s e n t e d  i n  t h i s  
t h e s i s .
The r e a d e r  shou ld  be a l e r t e d  t h a t  t h e  min ing  p rob lem s h o u ld  be 
i n v e s t i g a t e d  a s  a t o t a l  sys tem  a s  t h e  u l t i m a t e  l a y o u t  i s  b u t  one 
s m a l l  p rob lem ;  however,  due t o  t h e  c o m p le x i t y  o f  t h e  underg round  
p rob lem ,  and t h e  u s u a l  l i m i t e d  d a t a  b a s e  a v a i l a b l e  on a p r o p e r t y  p r i o r  
t o  m i n in g ,  a p ie cem e a l  app roac h  does  seem a p p r o p r i a t e  depende n t  upon 
d e s i g n  r e q u i r e m e n t s .  For  example ,  f a c i l i t y  l o c a t i o n  and s c h e d u l i n g  
problems m igh t  o r  migh t  n o t  be o f  p a r t i c u l a r  im por tance  depend ing  upon 
t h e  p a r t i c u l a r  p r o p e r t y .  T h i s  a p p ro a c h  g i v e s  t h e  m i n e r a l s  i n d u s t r y ,  
a t o o l  f o r  s t u d y i n g  a l t e r n a t i v e s  t o  mine l a y o u t ;  i t  does  n o t  
s p e c i f i c a l l y  answer  t o  t h e  f a c i l i t y  l o c a t i o n  ( r e f e r  to  th e  CSM t h e s i s  
by O sc a r  N a i r  (1 9 7 2 ) ,  o r  t o  t h e  g e n e r a l  problem o f  mine l a y o u t  w i t h  
r e s p e c t  t o  deve lopment and p r o d u c t i o n  f a c e s ,  n o r  does  i t  answer  t o  t h e  
problem o f  s c h e d u l i n g  a p r o p e r t y  t o  meet  p r o d u c t i o n  demands and m i l l i n g  
c o n s t r a i n t s  ( r e f e r  t o  t h e  CSM t h e s i s  by B lanks  ( t o  be p u b l i s h e d ) •)
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APPENDIX A
Symbol D e s c r i p t i o n
A, B, C, D, E, F, G . • • Nodes (used  i n  i l l u s t r a t i o n s )
A M A X ........................................... Maximum mine p l a n  f o r  a g iv e n  problem
ATEMP . • . ........................  . . Temporary v a l u e  (u sed  i n  a l g o r i t h m )
 ............................ . . . .  An a r c  i
G ........................................... . . A g raph  c o n s i s t i n g  o f  a s e t  o f  nodes  V and
a r c s
Gq . . . . . .  .................... O p t im al  s ubg raph
i j  k j  oj s ,  t  • • . • . • I n d e x e s  1,  2 . • . , e t c .
1 ( tt4 ) ............................. ....  Length  o f  p a t h  from node i  t o  node j
L ( i )  . . . . . . . . . .  A l a b e l  f o r  d i s j o i n t  p o s i t i v e  b l o c k s  1 . • • P
£
L ( s ,  1 ( 7T ) )  . . . . . • . A  I g b e l  f o r  node t  l a b e l e d  from node s w here
^ lCffq) i s  t h e  l e a s t - c o s t  p a t h  from node t  t o
node q
M . .  . . . . . . . . . .  Large  p o s i t i v e  number
m . . . . . . .  .................... T o t a l  number o f  v e r t i c e s
n .  . . . . . . . . . . .  T o t a l  number o f  a r c s
P . . . . . . . . . . . .  Number o f  p o s i t i v e  d i s j o i n t  b lo c k s  (d o es  n o t
in c l u d e  S t e i n e r  nodes)
Tq . . . . . . . . . . .  O p t im al  t r e e  ( f o r  a g iv e n  s e t  o f  node w e i g h t s )
T j [ .......................................... .. . T r e e  i
TEMP ........................................  . Temporary  v a l u e  (u sed  i n  a l g o r i t h m )
............................................ . Weight o f  b lo c k  i
w(v.p . . . . . . . . . .  Weight  a s s i g n e d  t o  node v
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S e t  o f  nodes  
Node i
Node i  such  t h a t  v  b e lo n g s  t o  v .  f o r  some 
s e t  o f  j  1
Block i
S e t  o f  a r c s
P r o d u c t  o v e r  a l l  j
P a t h  from node s t o  node t
Summation o v e r  a l l  j
Belong t o / i s  a member o f
Such t h a t
T here  e x i s t
Empty s e t
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APPENDIX B 
Tnpufc and R e s u l t s  o f  Mining Problem
NO O d  I A_______  CODED BY______ V J  S ________ H A T E  2 %  I 1) ? !  .
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carbon coal mi ne  nq i -  h y p o t h e t i c a l  problem i .
I * 12 J » 9 K c 1
INPUT
4 6 . 0  2 2 . 0  - 2 . 0 - 1 2 . 0 - 2 4 . 0 - 1 1 . 0  " 5 . 0 " 2 0 . 0 “ 2 0 . 0 " 2 o . 0 “ 2 0 . 0 “ 2 0 . 0 
7 A•0 5 0 . 0  1 0 . 0 - 2 4 . 0  “ 4 . 0  1 0 . 0  “ 5 . 0  5 , 0  1 5 . 0  2 5 . 0 - 1 2 . 0 “ 2 0 . 0
4 8 . 0  2 4 . o  1 2 . 0 - 2 4 , 0  - 4 . 0  1 0 . 0 - 2 8 . 0 - 3 0 . 0  1 5 . 0  1 5 . 0  - 5 . 0 - 2 0 . 0
2 0 . 0  2 4 , 0 “ 1 0 . 0 - 4 0 , 0 - 2 4 . 0  2 o . 0 “ 3 0 . 0 - 3 8 . 0  2 5 . 0  2 5 . 0  “ 5 . 0  1 . 0
1 0 . 0  2 4 , o  - 3 . 0  - 2 . 0 - 2 4 . 0  “ 5 . 0  - 5 , 0  5 . 0  2 5 . 0  2 5 . 0  - 4 . 0  1 , 0
“ 5 . 0 . “ 5 . 0  “ 5 . 0  ^ . 0  “ 2 . 0 - 2 2 . 0  “ 5 . 0  1 0 . 0  5 . 0 " 1 5 . 0 “ 1 2 . 0 1 0 0 . 0
1 0 . 0 - 1 0 . 0  - 5 . 0  “ 2 . 0  I 5 .O 1 0 . 0 - 2 4 , 0 - 2 4 . 0  - 5 . 0 - 1 5 . 0 - 1 5 . 0 - 2 0 , 0
2 0 . 0 - 2 5 . 0 - 2 0 . 0 - 1 0 . 0 - 1 0 . 0  5 . 0 - 2 4 . 0 - 2 4 , 0  1 0 . 0 - 1 5 . 0 - 2 0 . 0 - 2 0 , 0
2 0 . 0 - 2 5 , 0 - 2 5 . 0 - 2 5 . 0 - 1 0 , 0  1 5 . 0  5 . 0  . 5 . 0  5 . 0 - 1 0 . 0 - 2 0 . 0 - 2 0 , 0
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PLOT OF POSITIVE NODES
TABLE of s y mb o l s  
SYMBOL t-XPLANATlON
+ POSITIVE NODE
* CONNECTIVITY IN I -  J PLANE
U CONNECTIVITY WITH K*1 PLANE
D CONNECTIVITY WITH K*1 PLANE
B c o n n e c t i v i t y  WITH a d j a ce nt  p l a n e s
SECTION 1
*** CnLUMN ***
ROW 1 2 3 4 5 6 7 8 9
1 * * * * * * * * * * * * * * * * *
* * * * *
2 * * * * + * * * * * * * + * * * ♦
* *








8 *  * * * * *  *
*  *  *  *
*  *  *  *
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1 3 6 4 , 0
6 4 2 9 , 0
3 6 1 9 , 0
4 7 1 7 , 0
2 7 5 2 , 0
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PLOT OF POSITIVE NODES IN ULTIMATE PLAN
TABLE OF SYMBOLS
symbol e x p l a n a t i o n
♦ p o s i t i v e  node
* c o n n e c t i v i t y  i n  i -  j  pl ane
u c o n n e c t i v i t y  w i t h  k - 1  p l a n e
D c o n n e c t i v i t y  wi th k*i  pl ane
B CONNECTIVITY. WITH ADJACENT PLANES
s e c t i o n
row
***  column ***  














APPENDIX G -  Computer Program
DENVER INTERIOR COMPUTER CENTER *** B - 5 5 0 0  F O R T R A N  COMPILER *** X11 • 3*
c OPTIMAL tree  f OR a CONSTRAINED 3 - 0 I MENSI0NAl system of blocks 0 0 0 0 0 2 0 0 R 0 0 0 0
c PROGRAMMER 3 W.R.SHARP 00000300 R 0 0 0 0
c 00000400 R 0 0 0 0
c CARD 1 -  OPTION CARO 00000500 R 0 0 0 0
c CARO 2 -  HEADER CARO 00000600 R 0 0 0 0
c card 3 -  DATA format 00000700 R 0 0 0 0
c card a -  parameter  c a r d 00 000600 R 0 0 0 0
c i max 3 no ROWS 00 000900 R 0 0 0 0
c JMAX = COLUMNS 00001 000 R 0 0 0 0
c KMAX-s NO SECTIONS 000011 00 R 0 0 0 0
c DATA 00 001200 R 0 0 0 0
c 00 001300 R 0 0 0 0
c VARIABLE LIST 00 001400 R 0 0 0 0
c maxj  s no block i n  s e c t i o n 00 001500 R 0 0 0 0
c MAXK = TOTAL NO BLOCKS 00 001600 R 0 0 0 0
c 000017 00 R 0 0 0 0
START OF SEGMENT * * * * * * * *
COMMON BLOCK( 6 0 0 0 ) / I TREE( 6 0 0 0 ) *Lb K ( 6 000  ) * SORT( 1 0 2 0 ) * ITAGC 1 0 2 0 ) * 000016 00 R 0 0 0 0
1 N P R ( 1 0 1 ) , N P L ( 3 0 ) , I D A ( 6 ) , J D A C 6 ) » KDA( 6 )* I J * ( 6 ) , SUm(30)*MAXJ*MAXK* 0 0 0 0 1 9 0 0 R OoOO
2ICON»NDOSC3U) / I T 1 ( 3 0 ) / K T A G C 10^0) /ADD(120)#JTAGC120) /ARRAVC1020) , 0 0 0 0 2 0 0 0 R OOCO
3 l 2 AP( 6 O) , NPAT H( l O2 0 ) / BARRAY( 1 0 2 0 ) , KKT AG( l 0 2  0) *Nb E S T( 1 0 2 0 ) * 00002100 R OoOO
Al Ar ELC30) 00002200 R 0000
DIMENSION FMTC13) 0 0 0 0 2 3 0 0 R OOOO
c 00 002400 R OOOO
c i n i t i a l i z e 0 0 0 0 2 5 0 0 R OOOO
c 000026 00 R o c e o
ICON = 6 0 0 0 00 002700 R o o o o
ISEG = 30 000026 00 S 0 0 q 3
JSEG = ISEG -  1 00 002900 R 0 0 0 4
ZErq = 0 . 0000 300 0 R 0 0 0 5
I DA ( I )  = 1 00 003100 R 0 0 0 6
DO 5 I = 2 / 6 00 003200 R 0 0 0 9
5 IDA( I ) = I D A ( I - I )  * 10 000033 00 R 0014
KDAC1)  = 1 00003400 R 0 0 2 6
KDA(2 )  = 100 00003500 R 0 0 2 8
KD A( 3 ) = 1 0 0 0 0 00003600 R 00 30
KDAC4) = 10 00003700 R 0034
KOA( 5 )  -  1 000 00 003600 R 0 0 3 6
KDA( 6  ) = 1 0 0 0 0 0 00003900 R Of 38
c OOOOaOOO R Of 39
c INPUT TO TR^E 00004 100 R 0 o 3 9
c 00004200 R On 39
read  l o o o  * L I S T , I P l OT 00004300 R 0 0 4 2
1000 FOqmaT ( 3 i 5 , K 1 o , 0 ) 00004400 R 0 o55
read 1001* EmT 00004500 R 0 n 5 5
1001 F0RMAT(13A6> 00004600 R 0 0 6 6
PRINT 1002* FMT 00004700 R 0 066
read l o o i *  F mT 00004600 R 0 0 7 6
1002 FORMATt l Hl / l X*1 3 A 6 / / } 00004900 R 0A87
c 00005 000 R 00 37
read 1000* C I J K C I ) * 1 = 1 * 3 ) 00005100 R 0 0 8 7
IMAX = I J K ( 1 ) 00 005200 R 0108
JMAX = I J K ( 2  ) 00005300 R 01 09
I F( j mAX . GT t 1 ) GO TO 7 00005400 R Ol 11





1 0 0 5  F O R M A T ! l X * l 7 H J  INDEX TOO SMALL )
GO TO 2 0 0 0
7 KMAX a I J K C  3 )
DO 8 I = 4 * 4
3 I OK( I ) = 1
PRI NT 1 0 0 4 *  C l J K ( I ) * I s l * 3 )
1 0 0 4  F 0 r MATC1 OX* 5 h I = » 1 5*  3X* 5HJ = * I 5 * 3 X * 5 H K  55
HAXJ = I J K C 1 ) *  I J K C 2 )
MAXK = MAXJ *  I J K ( 3 )
IF C I JK C 3 3 . t - Q.  0 )  MAXK = MAXJ 
I F ( I j K C l )  * LE ♦ ICON)  GO TO 1 0  
PRINT 1 0 0 3
1 0 0 3  FORMAT( 1 x * 2 5 h T0 0  MANY BLOCK IN I ARRAY)
GO TO 2 0 0 0  
1 0  INDEX = 0
I F f L I S T  . N E • 0 )  PRI NT 1 0 1 0  
1 0 1 0  FORMAT! /  6 X * 5 H I N P U T / )
IFIMAXK . L T .  ICON)  GO TO 2 0  
PRINT 1 0 0 6
1 0 0 6  F ORMAT! I X/ l ^HPROBLEM TOO BIG )
GO TO 2 0 0 0
2 0  LMAX = MAXK
READ FMT* ( B l O C K U ) ,  J = 1 , L M A X )
I F ! L I S  T . E Q .  0 )  GO TO 4 0  
PRINT FMT,  ( B L O C K ! J ) * J = 1 * L M A X )
4 0  I F CI PLOT . E * .  0 )  GO TO 1 0 0
f i n d  all  p o s i t i v e  t r e e s
PRI NT 1 1 1 1
1 1 1 1  FORMAT! I h I * 1 x * 2 3 h p L0T OF P OS I T I V E  NODES / / )  
5 0  CALL PLOT
1 0 0  CALL BEGt N ! n SORT* mTREE*IMAX#JMAX*KMAX)
IFIMTREE " 1 )  6 1 * 6 5 * 7 0  
61  PRINT 1 0 1 2
1 0 1 2  F 0 P M A T ( l x * 2 4 HN0 P O S I T I V E  BLOCK E X I S T S )
GO TO 2 0 0 0
6 5  PRINT 1 0 1 3 *  S U MC l )
1 0 1 3  FORMAT! 1 x * 4 5 h ONLY ONE P O S I T I V E  SUBTREE E XI S T S  
GO TO 2 0 0 0
• 7 0  CALL MAXTRECMTREE*IMAX*JMAX/ KMAX)
2 0 0 0  CALL EXI T
end
0 0 0 0 5 6 0 0 R 0 1 1 8
0 0 0 0 5 7 0 0 R 0 1 1 8
0 0 0 0 5 8 0 0 R 0 1 1 9
0 0 0 0 5 9 0 0 R 0 1 2 0
0 0 0 0 6 0 0 0 R 0 1 2 7
0 0 0 0 6 1 0 0 R 0 1 3 3
I S )  0 0 0 0 6 2 0 0 R 0 1 5 5
0 0 0 0 6 3 0 0 R 0 1 5 5
0 0 0 0 6 4 0 0 R 0 1 5 5
0 0 0 0 6 5 0 0 R 0 1 5 9
0 0 0 0 6 6 0 0 R 0 1 6 3
0 0 0 0 6 7 0 0 R 0 1 6 8
0 0 0 0 6 8 0 0 R 0 1 7 3
0 0 0 0 6 9 0 0 R 0 1 7 7
0 0 0 0 7 0 0 0 R 0 1 7 7
0 0 0 0 7 1 0 0 R 01 78
0 0 0 0 7 2 0 0 R 0 1 7 8
0 0 0 0 7 3 0 0 R 0 1 8 4
0 0 0 0 7  400 R 0 1 8 4
0OC07500 R 01 88
0 0 0 0 7 6 0 0 R 0 1 9 2
0 0 0 0 7 7 0 0 R 0 1 9 2
0 0 0 0 7 6 0 0 R 0 1 9 3
0 0 0 0 7 9 0 0 R 0 1 9 4
OOOCfiOOO R 0 2 1 5
0 0 0 0 8 1 0 0 R 0 2 1 7
0 0 0 0 8 2 0 0 R 0 2 3 7
0 0 0 0 6 3 0 0 R 0 2 3 8
0 0 0 0 8 4  00 R 0 2 3 8
0 0 0 0 8 5 0 0 R 0 2 3 8
0 0 0 0 8 5 1 0 R 0 2 3 9
0 0 0 0 8 5 2 0 R 0 2 4 3
0 0 0 0 8 6 0 0 R 0 2 4 3
0 0 0 0 6 7 0 0 R 0 2 4 3
0 0 0 0 8 8 0 0 R 0 2 4 4
0 0 0 0 8 9 0 0 R 0 2 4 5
0 0 0 0 9 COO R 0 2 ^ 1
0 0 0 0 9 1 0 0 R 0 2 5 5
0 0 0 0 9 2 0 0 R 0 2 5 5
0 0 0 0 9 3 0 0 R 0 2 5 6
whi c h  y i e l d s , f 1 2 , 2 ) 0 0 0 0 9 4 0 0 R 0 2 6 7
0 0 0 0 9 5 0 0 R 0 2 6 7
0 0 0 0 9 6 0 0 R 0 2 6 8
0 0 0 0 9 7 0 0 R 0 2 7 0
0 0 0 0 9 6 0 0 R 02 7 1
SEGMENT 1 I S
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START Or SEGMENT
sURROUTINE BEGI NCNSURT, MT r EE , I M A X * J M A X * K M a X) 0 0 0 0 0 9 0 0 R OOOO
COwmQN BLOCK( 6 0 U 0 ) » I T R E E ( 6 0 0 0 )  * LBK( 6  0 0 0 ) * SORT( 1 0 2 0 ) * I T A G ( 1 0 2 0 ) * 0 0 0 1 0 0 0 0 R OOOO
I N P R C I O I ) » N P L C 3 & ) # I 0 A ( 6 ) , J 0 A C 6 ) , K d A ( A ) *  U K f  6 ) * S U U ( 3 0 ) * M A X J * M aXK* 0 0 0 1 0 1 0 0 R OOOO
2 l C O N . N P 0 S ( 3 U ) , I T l ( 3 0 ) * K T A G ( 1 0 2  0 ) * A D D ( 1 2 0 ) * J T A G ( 1 2 0 ) * ARRa y C1 0 2 0 ) ,  0 0 0 1 0 2 0 0 R OOOO
3 l Z A p ( 6 0 ) , N p A T H (  1 0 2 0 ) * B a RRAYC 1020 ) ^KKTAGC. 102 0 ) ^ N b e:s T(  1 0 2 0 ) > 0 0 0 1 0 3 0 0 R OOOO
«LABELC30) 0 0 0 1 0 4 0 0 R OOOO
0 0 0 1 0 5 0 0 R OOOO
j O A ( i )  a 1 0 0 0 1 0 6 0 0 R OOOO
j D A ( 2 )  = I j K ( t ) 0 0 0 1 0 7 0 0 R 0 0 0 2
J 0 A ( 3 )  x MAXJ 0 0 0 1 0 6 0 0 R 0 0 0 5
JOACA) = - 1 0 0 0 1 0 9 0 0 R 0 0 0 6
JOAC55 = - U K ( l ) • 0 0 0 1 1 0 0 0 R 0 0 1 0
J 0 A ( 6 )  = - MAXJ • 0 0 0 1 1 1 0 0 R 0 0 1 3
DO 9 I -  1 # 3 0 0 0 0 1 1 2 0 0 R 0 0 1 6
9 S U W ( I } =  Oe 0 0 0 1 1 3 0 0 R 0 0 2 3
NTREE s 0 0 0 0 1 1 4 0 0 R 0 0 2 9
MTREE s 0 0 0 0 1 1 5 0 0 R 0 0 3 0
DO 1 0  I = i ' MAXK 0 0 0 1 1 6 0 0 R 0 0 3 0
1 0  I T R E E C I )  s  o 0 0 0 1 1 7 0 0 R 0 0 3 8
0 0 0 1 1 6 0 0 R OnA 3
2 0  PRI NT 1 0 0 2 0 0 0 1 1 9 0 0 R 0 o a 5
1 002  f ORm A T ( 1 h 1 / 1 X ^ 6 9 Hp O S I T I v E D I S J O I N T  TREES *  INDEX = I  + ( J ” l )  * MAX0 00 120 00 R o ; « 9
1 { J )  + C K - 1 )  *  MAx ( K ) / / 4 x * 4 h T R E F * 5 X , 5 H V A L U E # 4 x » 0 0 0 1 2 0 1 0 R 0 0 4 9
2 5 H I N n E X # 3 X * 2 H * * > l O X # l 6 H T R E E  . BOUNDARI ES* 1 0 X # 2 p * + * I X* 1 7HCENTER o r 0 0 0 1 2 1 0 0 R 0 0 4 9
3 GRAVI TY,  1 X * 2 H * * *  I X *  1THCENTER OF UT I L I  T Y * 1 X * 2 H *  * /  3 1 X * **2H MIN I M0 0 0 1 2 2 0 0 R 0 0 ^ 9
AX I  MI N J max J MI N K max  K * 2 ( 4 x * 1 h I * 6 X ' 1 H J # O X # l H K * 2 x ) / ) 0 0 0 1 2 3 0 0 R 0 0 4 9
DO 30 I NDEX = 1> MAXK 0 0 0 1 2 4 0 0 R 0 0 4 9
I F f B L O C K f I N D E X )  . L E .  0 , )  GO TO 30 0 0 0 1 2 5 0 0 R 0 0 5 5
I F ( I T R E E C I N D E X )  . N E .  0 )  GO TO 30 0 0 0 1 2 6 0 0 R 0061
GO TO 97 0 0 0 1 2 7 0 0 R 0 0 6 9
30 CONTINUE 0 0 0 1 2 S 0 0 R 0 0 7 0
GO TO 16 0 0 0 0 1 2 9 0 0 R 0 0 7 0
0 0 0 1 3 0 0 0 R 0 0 7 0
91 KK s  7 " I 0 0 0 1 3 1 0 0 R 0 0 7 2
I NDEX = t NDEx + JDAC-KK') 0 0 0 1 3 2 0 0 R 0 0 7 3
GO TO 100 0 0 0 1 3 3 0 0 R 0 0 7 9
97 NTREE = NTREE ♦ 1 0 0 0 0 0 0 0 0 0 1 3 4 0 0 R 0 0 8 1
MTREE = MTREE + i 0 0 0 1 3 5 0 0 R 0 0 8 3
I TEST a 0 0 0 0 1 3 6 0 0 R 0 0 8 5
SO a 0 . 0 0 0 1 3 7 0 0 R 0 0 8 5
SI  a  0 . 0 0 0 1 3 6 0 0 R 0 0 8 6
SJ a 0 . 0 0 0 1 3 9 0 0 R 0 0 8 7
SK a  0 . 0 0 0 1 4 0 0 0 R 0 0 8 8
S * I  a 0 * 0 0 0 1 4 1 0 0 R 0 0 8 8
S « J  a 0 . 0 0 0 U 2 0 0 R 0 0 8 9
SrtK = 0 , 0 0 0 1 4 3 0 0 R 0 0 9 0
MINX = I j K ( l )  + 1 0 0 0 1 4 4 0 0 R 0 0 9 1
MAXX a 0 0 0 0 1 4 5 0 0 R 0 0 93
MlNY a I J K C H )  * 1 0 0 0 1 4 6 0 0 R 0094
MAXY a 0 0 0 0 1 4 7 0 0 R 0 0 9  d
MI NZ a I J K ( 3 ) ♦ 1 0 0 0 1 4 6 0 0 R 0097
MAXZ *  0 0 0 0 1 4 9 0 0 R 0099
I BEG a INDEX 0 0 0 1 5 0 0 0 R 0 10C
GO TO 100 0 0 0 1 5 1 0 0 R 010C
99 I F( NDEX . E 0•  I BEG)  GO TO 1 3 0 0 0 0 1 5 2 0 0 R o i o i
INDEX *  NDEX 0 0 0 1 5 3 0 0 R 0 1 0 4
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100 00 11 0  I  *  1 * 6 0 0 0 1 5 4 0 0 R 0 1 0 5
NDEX e I NDEX + JDA(  I  ) 0 0 0 1 5 5 0 0 R 0 1 1 0
GO TO < l 0 l # l 0 2 # l 0 3 # 1 0 4 # l 0 5 # l 0 6 ) * I 0 0 0 1 5 O 0 0 R 0 1 1 6
101 I f " ( MQD( Nd EX* I M A X ) - 1  ) 108# 1 1 0 * 1 0 8 0 0 0 1 5 7 0 0 R 0 1 2 6
102 i r ( M n o (  i n d e x # m a x j ) , e q . o > go t o  n o 0 0 0 1 5 6 0 0 R 0 1 3 0
I F  ( N D E X'/ M A X J -  I N O E X / M A X J )  110# 1 0 8 * 1 1 0 0 0 0 1 5 9 0 0 R 0 1 3 4
103 I FCNDEX -  MAXK) 1 0 9 * 1 0 8 # 1 1 0 0 0 0 1 6 0 0 0 R 0 1 4 0
10« I F ( M O D C N D E X * I M A X ) ) 1 0 8 * 1 1 0 * 1 0 8 0 0 0 1 6 1 0 0 R 0 1 4 4
105 I F ( NOEX . L E *  0 )  GO TO 110 0 0 0 1 6 2 0 0 R 0 1 4 7
I F ( M0 DCNDEX* MAXJ )  . E G .  0 )  GO Tfl 1 1 0 0 0 0 1 6 3 0 0 R 0 1 4 9
i f c n d e x / m a x j  -  I N D E X / M A X J )  110# 1 0 8 , 1 1 0 0 0 0 1 6 4 0 0 R 0 1 5 3
106 I FCNOEX)  1 1 0 * 1 1 0 * 1 0 8 0 0 0 1 6 5 0 0 R 0 1 5 9
108 i F f BLOCKCND^X)  . L E .  0 . )  GO TO 110 0 0 0 1 6 6 0 0 R 0 1 6 2
i F f I T R E E C N D E X )  . G T .  0 )  GO TO l l O 0 0 0 1 6 7 0 0 R 0 1 6 7
I T R E E ( N D E X )  = K D A ( I )  + NTREE 0 0 0 1 6 6 0 0 R 0 1 7 5
109 SO = SO ♦ 1 0 0 0 1 6 9 0 0 R 0 1 8 6
I VAL a MODCNDEX* I mAX) 0 0 0 1 7 0 0 0 R 0 1 8 7
I F ( I v A L  . EG*  0 ) I V AL  = IMAX 0 0 0 1 7 1 0 0 R 0 1 8 8
I F C I V A L  . G T .  MAXX)  MAXX = I VAL 0 0 0 1 7 2 0 0 R 0191
I F f I V A L . L T .  M I N X )  MI NX = I VAL 0 0 0 1 7 3 0 0 R 0 1 9 3
Si  = S I  + I VAL 0 0 0 1 7 4 0 0 R 0 1 9 5
SnI  s SWI + B L O C K ( N D E x ) * I V A L 0 0 0 1 7 5 0 0 R 0 1 9 6
KVAL = (NDEX + MAXJ *  D / M A X J 0 0 0 1 7 6 0 0 R 0201
JVAL = (NDEX -  M A X J * ( K V A L - 1 1 + I ma x  -  1 ) / i m a x 0 0 0 1 7 7 0 0 R G p Q b
I FCJVAL . GT *  MAXY)  MAXY. =  j VAL 0 0 0 1 7 6 0 0 R 0 2 1 0
I F ( j v Al  . L T .  M I N Y )  Ml  NY = JVAL 0 0 0 1 7 9 0 0 R 0 2 1 3
SJ = SJ + JVAL 0 0 0 1 8 0 0 0 R 0 ? i  5
s w j  S SWJ + BL OCK( NDEX) * J VAL 0 0 0 1 8 1 0 0 R 0? 1 6
I F c k v AL . G T .  MAXZ)  MAxZ = KVAL 0 0 0 1 6 2 0 0 R 0221
I F ( K V A L  . L T .  M I N Z )  Ml NZ = KVAL 0 0 0 1 6 3 0 0 R 0 2 2 3
SK s SK + KVa L 0 0 0 1 8 4 0 0 R 0 2 2 6
S*K = S*K + BLOCK( NDEx ) * KVAL 0 0 0 1 8 5 0 0 R 0 2 2 7
SUM(MTREE)  = SUM( MTREE)  + BLOCK( NDEX) 0 0 0 1 8 6 0 0 R 0 2 3 2
I F ( I  TEST , E « .  1 )  GO TO 159 0 0 0 1 6 7 0 0 R 0 2 4 7
GO TO 99 0 0 0 1 8 6 0 0 R 0 2 4 9
110 CONT I NUE' 0 0 0 1 8 9 0 0 R 0 2 5 0
I F c I B E G  . EOt" I NDE X )  GO TO 151 0 0 0 1 9 0 0 0 R 0 2 5 0
130 DO 150  I  = 1 * 6 0 0 0 1 9 1 0 0 R 0 ? 5 3
I F ( I  . G T .  3 )  GO TO 131 0 0 0 1 9 2 0 0 R 0?58
K= 7 -  2 * 1 0 0 0 1 9 3 0 0 R 0261
GO TO 132 0 0 0 1 9 4 0 0 R 0 2 6 2
131 K = 14 -  2 * 1 0 0 0 1 9 5 0 0 R 0 2 6 4
132 H E M P  = I T R E E ( I N D E X ) / 1 0 * * ( K - 1 ) -  ( I TREEC I N D E X ) / 1 0 *  + K ) * 1 0 OOOlQoOO R 0 2 6 6
I F  ( H E M P  . E Q .  0 )  GO TO 150 0 0 0 1 9 7 0 0 R 0 2 8 2
GO TO 91 0 0 0 1 9 6 0 0 R 0 2 8 4
150 c o n t i n u e 0 0 0 1 9 9 0 0 R 0 2 8 5
151 I FCSUM( MTREE)  . G T ,  0 )  GO TO 159 0 0 0 2 0 0 0 0 R 0 2 8 6
I T R E E ( I N D E X )  = NTREE 0 0 0 2 0 1 0 0 R 0 2 9 3
I TE S T  =: 1 0 0 0 2 0 2 0 0 R 0 2 9 8
NDEX = I NDEX 0 0 0 2 0 3 0 0 R 0 2 9 9
GO TO 109 0 0 0 2 0 a 0 0 R 0 * 0 0
159 I s I  = S I / S O  + 0 . 5 0 0 0 2 0 5 0 0 R 0 301
I S J  a SJ/ SO + 0 , 5 0 0 0 2 0 6 0 0 R 0 3 0 5
I SK a SK/ SO + 0 . 5 0 0 0 2 0 7 0 0 R 0 3 0 9
I S w I  = SwI / SUM( MTREE ) + 0 , 5 0 0 0 2 0 6 0 0 R 0 3 1 3
I S w j  = SWJ / S UM( MT RE E )  ♦ 0 . 5 0 0 0 2 0 9 0 0 R 0 3 2 2





PRINT 1 0 0 U  mT R E E . S U M ( M T R E E ) / l NDEX» Ml NX# MAXX* Ml NY/ MAXY/ Ml NZ, MAX7 /  0 0 0 2 1 1 0 0  R 0 3 f t 0
1 1 S I , I S J * I S K ' I S r t l » I S WJ # I S KK  
1001 FORMA.T(«X* I  3*  2 X / T  11 . 1 / 2 X /  I 4 / 6 X , 1 2 ( 2 X / I
GO TO 30
i n i t i a l i z e  SORT
160 IFCMTREE . L E .  1 )  GO TO 2 8 0  
DO 161 I  = 1 # MAXK
161 I FCBL OCKCI )  . E Q .  0 . )  BLOCKCl )  *  -  1 
169  I NDEX *  0
N = 0
DO 2 0 0  K = 1 /  KMAX
I T 1 ( 3 ) *  K
I T 1 C 6 )  = K
DO 2 0 0  J = 1# JMAX
I T 1 ( 2 ) a J
I T 1 ( 5 ) a J
DO 2 0 0  I  = l f  IMAX
1 T 1 C1 )  = I
I TlC ft j * I
I NDEX = t NDEX + 1
I FCBLOCKCI NDEX)  , g T .  0 )  GO TO 2 0 0  
ISAVE =* 0 
180 00  189  I I  = 1 / 6
I F ( I T K I I )  . EQ,  I J K C I U )  GO TO 18 9  
NDEX a INDE A + JO A C I I  )
I F( BLOCKCNDEX)  . L E .  0 . 5  GO TO 18 9  
NVAL a I TREE' c N D E X ) / 1 0 0 0 0 0 0  
GO TO 190
189 CONTINUE  
GO TO 2 0 0
190 I F ( I  SAVE . E « .  0 )  GO TO 192  
DO 191 KK a 1 ,  I SAVE  
I FCKTAG( KK)  , E Q .  NVAL)  GO TP 189
191 CONTINUE
192 ISAVE = I SAVE ♦ 1 
KT A G ( I S A v E )  = NVAL 
N = N ♦ 1
SORT C N ) = BL OCK( I NDEX )
I T A G ( N )  a I NDEX + NVAL * 1 0 0 0 0 0 0  
GO TO 189  
20 0  CONTI NUE  
NSORT *  N 
2 0 5  K -  0
DO 22 0  I  « 2 , N
I F C S O R T ( I - i ) , G E .  S O R T ( I ) )  GO TO 22 0  
21 0  TEmp  *  SORTCI )
I T  E MP a I T aG ( I )
S O R T ( I )  = SOr T ( I - I )
I T A G ( I )  *  I T A G C I - U  
S 0 R T C I - 1 )  ® TEMP 
I T A G C I - 1 )  a ITEMP  
K a 1
220  CONTINUE  
N a N •  1
0 0 0 2 1 2 0 0 R 0 3 6 8
0 0 0 2 1 3 0 0 R 03fi ft
EgmENT 3 I S
0 0 0 2 1 4 0 0 R 0 3 8 f t
0 0 0 2 1 5 0 0 R 0 3  aft
0 0 0 2 1 6 0 0 R 03 8 f t
0 0 0 2 1 7 0 0 R 0 3 f l 4
0 0 0 2 1 8 0 0 R 0 3 8 5
0 0 0 2 1 9 0 0 R 0 3 8 7
0 0 0 2 2 0 0 0 R 03 9 f t
0 0 0 2 2 1 0 0 R 0 4 0 4
0 0 0 2 2 2 0 0 R OftOft
0 0 0 2 2 3 0 0 R 0 4 0 5
0 0 0 2 2 4 0 0 R 0 4 1 0
0 0 0 2 2 5 0 0 R 0 4 1 2
0 0 0 2 2 6 0 0 R 04 1 f t
0 0 0 2 2 7 0 0 R 0 4 2 0
0 0 0 2 2 8 0 0 R 0 4 2 2
0 0 0 2 2 9 0 0 R 0 4 2 4
0 0 0 2 3 0 0 0 R 0 4 3 0
0 0 0 2 3 1 0 0 R 0 4 3 2
0 0 0 2 3 2 0 0 R 0 4 3 4
0 0 0 2 3 3 0 0 R 0 4 3 6
0 0 0 2 3 4 0 0 R 0 4 4 1
0 0 0 2 3 5 0 0 R 0 4 4 3
0 0 0 2 3 6 0 0 R 0 4 4 8
0 0 0 2 3 7 0 0 R 0 4 6 0
0 0 0 ? 36 OO R 0 4 6 6
0 0 0 2 3 9 0 0 R 0 4 7 2
0 0 0 2 4 0 0 0 R 0 4 8 0
0 0 0 2  4 1 0 0 R 0 4  8 2
0 0 0 2 4 2 0 0 R 0 4 8 2
0 0 0 2 4 3 0 0 R 0 4  8 4
0 0 0 2 4 4 0 0 . R 0 4 6 6
0 0 0 2 4  5 0 0 R 0 4 9 1
0 0 0 2 4 6 0 0 R 0 4 9 9
0 0 0 2 4 7 0 0 R 0 5 0 0
0 0 0 2 4 8 0 0 R 0 5 0 1
0 0 0 2 4 9 0 0 R 0 5 0 7
0 0 0 2 5 0 0 0 R 0 5 0 9
0 0 0 2 5 1 0 0 R 0 5 1 8
0 0 0 2 5 2 0 0 R 0 5 2 7
0 0 0 2 5 3 0 0 R 0 5 2 8
0 0 0 2 5 4 0 0 R 0 5 2 9
0 0 0 2 5 5 0 0 R 0 5 3 1
0 0 0 2 5 6 0 0 R 0 5 3 1
0 0 0 2 5 7 0 0 R 0 5 3 7
0 0 0 2 5 6 0 0 R 0 5 5 1
0 0 0 2 5 9 0 0 R 0 5 5 6
0 0 0 2 6 0 0 0 R 0 5 6 2
0 0 0 2 6 1 0 0 R 0 5 7 4
0 0 0 2 6 2 0 0 R 0 5 8 6
0 0 0 2 6 3 0 0 R 0 5 9 2
0 0 0 2 6 4 0 0 R 0 5 9 9
0 0 0 2 6 5 0 0 R 0 6 0 1
0 0 0 2 6 6 0 0 R 0 6 0 1
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I F ( K • EQ.  1 )  GO TO 2 0 5 0 0 0 2 6 7 0 0 R 0 6 0 2
KOUNT = 0 0 0 0 2 6 6 0 0 R 0 6 0 4
NPOSCl )  *  0 0 0 0 2 6 9 0 0 R 0 6 0 5
J « 1 0 0 0 2 7 0 0 0 R 0 6 0 7  -
DO 2 7 0  1 = 1 ,  MTREE 0 0 0 2 7 1 0 0 R 06 0 B
DO 2 6 0  K = NSORT 0 0 0 2 7 2 0 0 R 06 a 3
I F ( I T A G ( K ) / 1 0 0 0 0 0 0  , n e . I )  GO TO 2 6 0 0 0 0 2 7 3 0 0 R 0 * 1 9
KOUNT = KOUNT + 1 0 0 0 2 7 4 0 0 R 0 * 2 9
ARRAYCKOtjNT)  *  S Q R T ( K ) 0 0 0 2 7 5 0 0 R 0 6 3 0
k TAGCKOUM'T) = i t a g c k ) - I  *  1 0 0 0 0 0 0 0 0 0 2 7 6 0 0 R 06 A1
i TAGCK)  = KTAGCKOUNT) 0 0 0 2 7 7 0 0 R 0 6 5 5
260 c o n t i n u e 0 0 0 2 7 6 0 0 R 0 6 6 6
J = J >  1 0 0 0 2 7 9 0 0 R 0666 :
N POS( J )  8 KOUNT 0 0 0 2 8 0 0 0 R 0 6 6 7
2 / 0 CONTI NUE 0 0 0 2 8 1 0 0 R 0 6 7 4
DO 27 5  I  = 1 * NSORT 0 0 0 2 8 2 0 0 R 0 6 7 4
I T A g ( I )  = KT AGCI ) 0 0 0 2 8 3 0 0 R 0 6 7 9
275 SORT( I > s ARRAYCl ) 0 0 0 2 8 4 0 0 R 0 6 91
1113 FURMATC1 X ^ 2 1 1 2 ) 0 0 0 2 8 5 0 0 R 0 7 0 2  r
250 r e t u r n 0 0 0 2 8 6 0 0 R 0 7 0 2
e n o 0 0 0 2 8 7 0 0 R 0 7 0 5
SEGMENT 2 i s  7;
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s t a r t OF SEGMENT ****** 4
s u b r o u t i n e  m a x t r e c m TRe e , i m a x , j m Ax # k m a x > 0 0 0 2 6 6 0 0 R OOOO
COMMON BLOCK( 6 0 0 0 ) # I  TREE( 6 0 0 0 )  #LBKC6 0 0 0 ) • SORT( 1 0 2 0 ) # I T A q ( 1 0 2 0 ) # 0 0 0 2 6 9 0 0 R OOOO
1 N P R C 1 0 1 ) # N p L ( 3 0 ) # I 0 A ( 6 ) # J D A C 6 ) , K D A ( 6 ) # I J K ( 6 ) # S U m ( 3 0 ) , m AXJ#m a XK# 0 0 0 2 9 0 0 0 R OOOO
2 I C O N , N P O S ( 3 0 ) , I T 1 ( 3 0 ) , K T A G ( 1 0 2 o ) , A O D C 1 2 0 ) , J T A G C 1 2 0 ) #ARRAY( 1020 . ) , 0 0 0 2 9 1 0 0 R oioo
3 I Z A P ( 6 0 ) , N P A T H C 1 0 2 0 ) #BARRAyC1 0 2 0 ) # KKTAG( 10 2 0 ) , N q E S T C I 0 2 0 ) > 0 0 0 2 9 2 0 0 R 0 * 0 0
ALABELC30) 0 0 0 2 9 3 0 0 R OOOO
K0AC1)  3 1 0 0 0 0 0 0 2 9 4 0 0 R OOOO
KOA( 2 ) = 1 0 0 0 0 0 0 0 2 9 5 0 0 R 0 0 0 2
< 0 4 ( 3 )  = 1 0 0 0 0 0 0 0 0 2 9 6 0 0 R 0 0 0 5
K0 4 C4 )  = 1 0 0 0 2 9 7 0 0 R 0 0 0 9
K D A ( 5 )  3 10 0 0 0 2 9 6 0 0 R 0 0 1 1
KDAC6)  = 1 0 0 0 0 0 2 9 9 0 0 R 0 0 1 3
I STOP -  0 0 0 0 3 0 0 0 0 R 0 0 1 5
I TRE 3 0 0 0 0 3 0 1 0 0 R 0 0 1 6
TVAL *  0 0 0 0 3 0 2 0 0 R 0 0 1 7
PRI NT  5 0 4 0 0 0 0 3 0 3 0 0 R 0 0 1 7
5 0 4 0  r 0 R M A T ( l H l > 1 X * 1 6 H l T E R A T I 0 N  TREE # 1 5 X > 5 HV AL UE / ) 0 0 0 3 0 4 0 0 R 0 0 2 2
DO l o  I = 1 '  MTREE 0 0 0 3 0 5 0 0 R 0 0 2 2
10 L A R E L C I )  = o 0 0 0 3 0 6 0 0 R 0 0 2 8
c h a v e  a l l  p o s i t i v e  d i s j o i n t  t r e e s  be e n  a t e m p t e o 0 0 0 3 0 7 0 0 R 00  33
20 I F C I T R E  . E O .  0 )  GO TO 15 0 0 0 3 0 6 0 0 R 0 0 3 5
DO 14 I = 1* MAXk 0 0 0 3 0 9 0 0 R 0 0 3 7
I F ( I T R E E ( I )  . G T .  0 )  GO TO 14 0 0 0 3 1 0 0 0 R 0 0 4 3
I T R E E C I  ) = 0 0 0 0 3 1 1 0 0 R Of 51
14 CONTI NUE 0 0 0 3 1 2 0 0 R 0 * 5 7
no 8 1= 1# maxk 0 0 0 3 1 3 0 0 R 0A57
8 PR I N T I  1 6 8 ' i T R E E C I ) # BLOCKCI ) 0 0 0 3 1 4 0 0 R Or,64
1 1 68  F 0 R M A T ( l 0 X # I l 2 # F 1 0 . 1 ) 0 C 0 3 1 S 0 0 R 0 f 8 5
15 I TRE = I TRE + 1 0 0 0 3 1 6 0 0 R 0 0 8 5
• NODE = 0 0 0 0 3 1 7 0 0 R 0 0 8 6
I Z  = 0 0 0 0 3 1 8 0 0 R 0 0 8 7
NP = 0 0 0 0 3 1 9 0 0 R 0 0 8 7
AVAL = 0 0 0 0 3 2 0 0 0 R 0 0 8 8
I T  = 1 0 0 0 3 2 1 0 0 R 0 0 8 9
I Tp = I T 0 0 0 3 2 2 0 0 R 0 0 9 0
DO 19 I  = 1 '  MTREE 0 0 0 3 2 3 0 0 R 0 0 9 0
I F C L A B E L c I )  . N E .  0 )  GO TO 19 0 0 0 3 2 4 0 0 R O f 9 6
I F ( S U M C I )  . L E .  AVAL)  GO TO 19 0 0 0 3 2 5 0 0 R 0 1 0 4
NODE = I 0 0 0 3 2 6 0 0 R 0 1 1 1
I T 1 C I T )  = NOq E 0 0 0 3 2 7 0 0 R 0 1 1 1
l a b e l c n o d E)  = . n o o e 0 0 0 3 2 6 0 0 R 0 1 1 7
a v a l  = SUM( I ) 0 0 0 3 2 9 0 0 R 0 1 2 3
19 CONTI NUE 0 0 0 3 3 0 0 0 R 0 1 3 0
d e l t a  = a v a l 0 0 0 3 3 1 0 0 R 0 1 3 0
I F ( N o DE . E G.  0 )  GO TO 1 0 0 0 0 0 0 3 3 2 0 0 R 0 1 31
C I N I T I A L I Z E  ARRAY 0 0 0 3 3 3 0 0 R 0 1 3 2
I LA ST = NPOSCNODE + 1 )  -  NPOSCNODE) 0 0 0 3 3 4 0 0 R 0 1 3 3
I No = NPOSCNODE) 0 0 0 3 3 5 0 0 R 0 1 4 4
NSORT = I LAST 0 0 0 3 3 6 0 0 R 0 1 5 0
Nl  = NSORT 0 0 0 3 3 7 0 0 R O l s l
DO 40 I = 1 '  I L AST 0 0 0 3 3 6 0 0 R 0 1 5 2
I ND = I ND + 1 0 0 0 3 3 9 0 0 R 0 1 5 7
ARRAy(  I  ) = SORTCI ND)  *■ AVAL 0 0 0 3 4 0 0 0 R 0 1 5 9
K T A G ( I )  = I T A G ( l N D ) 0 0 0 3 4 1 0 0 R 0 1 7 0
BARRAYCI )  = A R RAY ( I ND ) 0 0 0 3 4 2 0 0 R 0 1 8 0





I T R E E C I T A G ( I N D ) )  = - 9 9
4 0  CONTINUE
PRI NT 5 0 5 0 #  I TRE, NODE, S UMCNODE)
DYNAMIC -  SHORTEST PATH ALGORITHM
9 9
TO 1 0 0  




KK = 0  
DO 1 0 0  I = 1* 6 
INDEX = KTA&Cl )  + J D A ( I )
1 8 8 1  F 0 R M A T C 5 X ' 3 I 1 2 » r i 0 . 1 )
GO TO ( 2 1 , 2 2 , 2 3 , 2 4 , 2 5 , 2 6 ) ,  I 
I F ( M O D ( I N D E * , I M A X ) -  1 ) 2 8 # 1 0 0 # 2 8  
I F CM0 DCKT AG( 1 ) » MAXJ )  . E Q .  0 )  GD TO 1 0 0  
I F (  I NDEX/ MAXj  -  K T A G t n / M A X J )  1 0 0 # 2 8 # 1 0 0  
I FCI NOEX " MAXK) 2 3 , 2 8 , 1 0 0  
I F C mODCI NDEX,  I MA X ) ) 2 8 # 1 0 0 # 2 8  
I F c i n DEX , L E .  0 )  GO TO 1 0 0  
I FCMOOCINDEX, MAXj ) . E Q .  0 )  GO 
IF CINDEX/ MAXJ -  KTAGC1 ) / M A X J )
I F ( I N D E X )  1 0 0 , 1 0 0 , 2 8  
I F  CI T R E E C I N U F x ) . l T .  0 )  GO TO 
I F C BL OC Kf I NDE X )  . L E .  0 )  GO TO 
I V  = I T R E E C I N D E X ) / 1 0 0 0 0 0 0  
DO 31 I X  = 1# I T  
I F  C I V . E Q .  I T U I X ) )  GO TO
t h i s  i s  a b r e a k  t h r o u g h
MODE s iv  
GO TO 1 9 9
I F c I T R E E f I N D E X )  . E Q .  - 9 9 )  GO To  1 0 0  
KK = KK + 1
ADDCKK) = Bt-OCKC I NDEX)  + A R R A Y ( l )  
j t a g c k k )  = i n d e x  
I TREECI NDEX)  = -  KOACI )
1 0 0  CONTINUE
UPDATE ARRAY
1 8 8 2  FOr mATC l X ' 6 H 0 )
NSAVE = NSORT 
NSORT = NSO«T  
i f c n s o r t  , l e ,
N = KK
NLAST s  NSORT 
IFCKK -  I )  1 4 0 , 1 7 9 , 1 0 5  
K = 0
DO 1 2 0  I = 2#  N 
I F ( A D D C l - l )  . G E .  A 0 D C D )
T«-MP = A O D ( I )
ITEMP = J T AG CI )
ADD( I ) = A D D C I - I )
J T AGCI )  = J T A G C I - I )  
a D D ( I - I )  = TEMP 

















GO TO 1 2 0
120
150
K = 1 
CONTINUE 
N x N -  I 
i F f K  . E O .  
NLAST 








0 0 0 3 4  4 0 0 R 0 ? 0 2
0 0 0 3 4 5 0 0 R 0 ? 1 4
0 0 0 3 4 6 0 0 R o ; i a
0 0 0 3 4 7 0 0 R 0 2 2 8
0 0 0 3 4 8 0 0 R 0 ? 2 8
0 0 0 3 4 9 0 0 R 0 2 2 8
0 0 0 3 5 0 0 0 R 0 2 3 4
0 0 0 3 5 1 0 0 R 0 2 3 4
0 0 0 3 5 2 0 0 R 0 2 4 0
0 0 0 3 5 3 0 0 R 0 2 4 8
0 0 0 3 5 4 0 0 R 0 2 4 8
0 0 0 3 5 5 0 0 R 0 2 5 7
0 0 0 3 5 6 0 0 R 0 2 6 1
0 0 0 3 5 7 0 0 R 0 2 6 6
0 0 0 3 5 6 0 0 R 0 2 7 3
0 0 0 3 5 9 0 0 R 0 2 7 7
0 0 0 3 6 0 0 0 R 0 2 8 0
0 0 0 3 6 1 0 0 R 0 2 8 2
0 0 0 3 6 2 0 0 R 0 2 8 6
0 0 0 3 6 3 0 0 R 0 2 9 3
0 0 0 3 6 4 0  0 R 0 2 9 6
0 0 0 3 6 5 0 0 R 0 3 0 3
0 0 0 3 6 6 0 0 R 0 3 q 8
0 0 0 3 6 7 0 0 R 0 3 1 6
0 0 0 3 6 6 0 0 R 0 3 2 3
0 0 0 3 6 9 0 0 R 0 3 3 0
0 0 0 3 7 0 0 0 R 0 3 3 1
0 0 0 3 7 1 0 0 R 0 3 3 2
0 0 0 3 7 2 0 0 R 0 3 3 3
0 0 0 3 7 3 0 0 R 0 3 4 0
0 0 0 3 7 4 0 0 R 0 3 4 1
0 0 0 3 7 5 0 0 R 0 3 5 2
0 0 0 3 7 6 0 0 R 0 3 5 8
0 0 0 3 7 7 0 0 R 0 3 7 0
0 0 0 3 7 8 0 0 R 0 3 7 0
0 0 0 3 7 9 0 0 R 0 3 7 1
0 0 0 3 8 0 0 0 R 0 3 7 1
0 0 0 3 8 1 0 0 R. 0 3 7 1
0 0 0 3 8 2 0 0 R 0 3 7 3
0 0 0 3 8 3 0 0 R. 0 3 7 5
0 0 0 3 8 4 0 0 R 0 3 7 6
0 0 0 3 6 5 0 0 R 0 3 7 7
0 0 0 3 8 6 0 0 R 0 3 8 3
0 0 0 3 8 7 0 0 R 0 3 8 3
0 0 0 3 3 6 0 0 R 0 3 8 9
0 0 0 3 8 9 0 0 R 0 4 0 2
0 0 0 3 9 0 0 0 R 0 4 0 8
0 0 0 3 9 1 0 0 R 0 4 1 4
0 0 0 3 9 2 0 0 R 0 4  2 6
0 0 0 3 9 3 0 0 R 0 4 3 8
0 0 0 3 9 4 0 0 R 0 4 4  4
0 0 0 3 9 5 0 0 R 0 4 5 1
0 0 0 3 9 6 0 0 R 0 4 5 3
0 0 0 3 9 7 0 0 R 0 4 5 3
0 0 O 3 9 8 0 0 R 0 4 5 4
0 C 0 3 9 9 0 0 R 0 4 5 7
0 0 0 4 0 0 0 0 R 0 4 5 8
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NLAST ^ NLAST -  1 0 0 0 4 0 1 0 0 R 0 4 6 3
I f  C KK . E Q .  1 )  GO TO 1 7 9 0 0 0 4 0 2 0 0 R 0 4 6 5
I f f N S A V E  .E<>.  0 )  GO TO 1 5 2 0 0 0 4 0 3 0 0 R 0 4 6 7
I f ( ARRAY( NSAVE)  . l T .  ADOCKK) ) GO TO 1 5 4 0 0 0 4 0 4 0 0 R 0 4 6 9
1 5 2 ARRAYCNLAST)  = AODCKK) 0 0 0 4 0 5 0 0 R 0 4 8 2
KTAG( NLAST)  = JTAGCKK3 0 0 0 4 0 6 0 0 R 0 4 9 2
kk s  KK -  1 0 0 0 4 0 7 0 0 R 0 5 0 3
GO To 1 6 0 0 0 0 4 0 8 0 0 R 0 5 0 4
1 5 4 a r r a y c n l a s t ) = a r r a y ( n s a v e ) 0 0 0 4 0 9 0 0 R 0 5 0 6
KTAG( NLAST)  = KTAGCNSAVE) 0 0 0 4 ) 0 0 0 R 0 5 1 6
n s a v e  a NSAVE -  1 0 0 0 4 1 1 0 0 R 0 5 2 7
1 6 0 CONTINUE 0 0 0 4 1 2 0 0 R 0 5 2 9
GO To 9 9  ' 0 0 0 4 1 3 0 0 R 0 5 2 9
1 4 0 0 0  1 45  I = 1 ,  NSORT 0 0 0 4 1 ^ 0 0 R 0 5 3 0
11 = 1 4 - 1 0 0 0 4 1 5 0 0 R 0 5 3 5
ARRAYCI)  = A R R A Y ( I I ) 0 0 0 4 1 6 0 0 R 0 5 3 7
K T A G ( I )  = KTAg M I ) 0 0 0 4 1 7 0 0 R 0 5 4 7
1 4 5 CONTINUE 0 0 0 4 1 6 0 0 R 0 5 5 9
GO TO 9 9 0 0 0 4 1 9 0 0 R 0 5 5 9
1 7 9 NLAST a NLAST -  1 0 0 0 4 2 0 0 0 R 0 5 6 0
DO 1 8 0  I = 1 .  NLAST 0 0 0 4 2 1 0 0 R 0 5 6 1
I f  ( ARR A Y ( I +1 ) .  L t ,  A O D C D )  GO T& 1 8 1 0 0 0 4 2 2 0 0 R 0 5 6 6
A R R A Y ( I )  = A R R A Y ( I + l ) 0 0 0 4 2 3 0 0 R 0 5 7 6
1 8 0 k t a g c  I ) = KTa GCI  + i ) 0 0 0 4 2 4 0 0 R 0 5 3 8
ARRAYCNLAST + l  ) = A 0 0 C 1 ) 0 0 0 4 2 5 0 0 R 0 6 0 0
KTa g c Nl AST ♦ 1 )  = J T A G C I ) 0 0 0 4 2 6 0 0 R 0 6 0 7
GO To 9 9 0 0 0 4 2 7 0 0 R 0 6 1 5
1 8 1 ARRAy ( I )  = AOOCI ) 0 0 0 4 2 6 0 0 R 0 6 1 7
KTAGC I ) .= J TAGC1 ) 0 0 0 4 2 9 0 0 R 0 6 2 3
1 4 0 1 f ORMATCl X* 5 ( f 6 » 0 # I 5 # 1 1 0 ) ) 0 0 0 4 3 0 0 0 R 0 6 3 1
GO Tr) 99 0 0 0 4 3 1 0 0 R 0 6 3 1
C 13  T HI S  BREAKTHROUGH AN IMPROVEMENT 0 0 0 4 3 2 0 0 R 0 6 3 1
1 9 9 i z  -  I Z ♦ 1 0 0 0 4 3 3 0 0 R 0 6 3 2
i z a p c i z ) = mo d e 0 0 0 4 3 ^ * 0 0 R 0 6 3 3
i z  = i z  ♦ t 0 0 0 4 3 5 0 0 R 0 6 3 9
i Z A P f I Z )  s  KT AG( 1 ) 0 0 0 4  3 6 0 0 R 0 6 4 1
L AB E L CI V)  a IV 0 0 0 4 3 7 0 0 R 0 6 4 7
IT B IT 4 1 0 0 0 4 3 6 0 0 R 0 6 5 3
I E C I T  . E Q .  MTREE)  I S TOP  s  1 0 0 0 4 3 9 0 0 R 0 6 5 5
I T 1 CIT ) . = IV 0 0 0 4 4 0 0 0 R 0 6 5 7
I E ( A R R a Y ( 1 )  + S U M ( I V )  . G T .  AVAL 3 GO TO 3 0 q 0 0 0 4 4 1 0 0 R 0 6 6 3
C u p d a t e  a r r a y  a n d  c o n t i n u e 0 0 0 4 4 2 0 0 R 0 6 7 1
IADD = NPOS MODE + 1 )  -  NPOSCMq DE)  -  2 0 0 0 4 4 3 0 0 R 0 6 7 2
DO 2 2 0  I = 1 ,  NSORT 0 0 0 4 4 4 0 0 R 0 6 a 4
I 1 -  NSORT “ I ♦ 1 0 0 0 4 4 5 0 0 R 0 6 8 9
i p  -  i t  + i a d d 0 0 0 4 4 6 0 0 R 0 6 9 1
A R R A Y ( I P )  = A R R A Y ( I I ) 0 0 0 4 4 7 0 0 R 0 6 9 2
2 2 0 K T A G c I O )  = KTAGC i n 0 0 0 4 4 6 0 0 R 0 7 0 4
SAVE = A R R A Y ( i ) 0 0 0 4 4 9 0 0 R 0 7 1 5
NSAVE » NSORT 0 0 0 4 5 0 0 0 R 0 7 1 6
NSORT a NSOKT ♦ IAOO 0 0 0 4 5 1 0 0 R 0 7 1 7
KK = NPOS( MODE)  ♦ 1 0 0 0 4 5 2 0 0 R 0 7 1 8
MSAvE = I TAG( KK) 0 0 0 4 5 3 0 0 R 0 7 2 5
n t e s t  = N P OS ( mo d e  ♦ 1 ) 0 0 0 4 5 4 0 0 R 0 7 3 0
I ADD= I ADD + 1 0 0 0 4 5 5 0 0 R 0 7 3 6
IC T a J 0 0 0 4 5 6 0 0 R 0 7  37
T^MP = SORTCKK)  4 SUM( MODE)  4  SAVE 0 0 0 4 5 7 0 0 R 0 7 3 8
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L a 0
0 0  2 4 0  I = 1 ,  N S q r T
1 FC KK . G T .  NT E S T )  GO TO 2 3 9  
I F CI CT  . G T .  NSAVE)  GO TO 2 3 2  
I F CA RRA Yf l  + I ADQ)  . G E ,  TEMP) GO TO 2 3 9
2 3 2  IF { ITAG Ck K) . E Q .  MSAVE) GO TO 2 3 6
IL a L ♦ 1
I F C l  . E Q .  0 )  GO TO 2 3  
DO 2 3 3  IW = I
2 3 3  IECKTAr. Cl W)  . E Q .  I T A G ( K K ) )  GO TO 2 3 6
2 3 4  DO 2 3 5  IW = I L#  NSAVE 
IY = IW + I a d d
2 3 5  I F ( K T A G C I Y )  » £ Q .  I T A G ( K K ) )  GO TO 2 3 6  
L = L ♦ 1
a r r a y c d  s  t e m p  
k t a g c d  = ITAGCKK)
itreecktagcE))  a -  99 -  mode * loooooo
I ADD = I ADO -  t
2 3 6  KK = KK + 1
TEMP = SORTCKK)  + SUMCMODE) + SAVE 
GO TO 2 4 0
2 3 9  L = L ♦ 1
ARRAYCL)  = Ar r AYcl  + I ADD)  
k TAGCL)  = KTAGCL + I AOO)  .
ICT = ICT + 1
2 4 0  CONTINUE
NSORT = NSORT -  IAOO 
GO TO 9 9
C E 1 ND WAY BACK TO BEST TREE
C ADD ADDI TI ONAL NODE T o ARRAY
3 0 0  NJ = 0 
I N DE X= KT AG( 1 )
AVAL = A R R A Y ( l )  + SUMCMODE)
IT = I TP ♦ I 
I T 1 ( I T ) = MODE 
4 0 0  LAST = NPOSCMODE + 1 )
NST = N P O S ( MOOE) + I
DO 4 2 0  I = NST> LAST  
DO 4 1 0  J = 1> NI
I F ( I T A G C I )  . E Q .  K K T A G ( J ) )  GO TO 4 2 0  
4 1 0  c o n t i n u e  
MI a NI ♦ 1 
KKTAGCNI)  = I T A G ( I )
NJ = NJ + 1
AD O( N J )  a AVAL ♦ S O R T ( I )
JTAGCNJ )  = I T A G C I )
4 2 0  CONTINUE
NSTAr T = NP + 1
3 0 1  I F c I T R E E C I N D E X )  . L E .  - l OOOOOO)  GO TO 3 5 0  
NP = NP 4- 1
NPATHCNP)  = INOEX
IF CI TREECI NDEX)  . EQ»  " 9 9 )  GO TO 3 1 6  
DO 3 0 9  I I  = 1# 6
I F C - I T R E E (  I NDEX)  . N E .  K O A C l D )  GO TO 3 0 9
NDX « I NDEX
0 0 0 4 5 6 0 0 R 0 7 5 0
0 0 0 4 5 9 0 0 R 0 7 s  I
0 0 0 4 6 0 0 0 R 0 7 5 6
0 0 0 4 6 1 0 0 R 0 7 5 9
0 0 0 4 6 2 0 0 R 0 7 6 1
0 0 0 4 6 3 0 0 R 0? 6 9
0 0 0 4 6 4 0 0 R 0 7 7 6
0 0 0 4 6 5 0 0 R 0 7 7 7
0 0 0 4 6 6 0 0 R 0 7 7 9
0 0 0 4 6 7 0 0 R 0 7 8 5
0 0 0 4 6 6 0 0 R 0 7 9 8
0 0 0 4 6 9 0 0 R 0 8 0 3
0 0 0 4 7 COO R 0 8 0 5
0 0 0 4 7 1 0 0 R 0 8 1 7  ,
0 0 0 4 7 2 0 0 R 0 8 1 8  1
0 0 0 4 7 3 0 0 R 0 8 2 9
0 0 0 4 7 4 0 0 R 0 8  35
0 0 0 4 7 5 0 0 R 0 8 5 0
0 0 0 4 7 6 0 0 R 0 8 5 2
0 0 0 4 7 7 0 0 R 0 8 5 3
0 0 0 4 7 6 0 0 R 0 6 6 5
0 0 0 4 7 9 0 0 R 0 6 6 6
0 0 0 4 6 0 0 0 R 0 6 6 7
0 0 0 4 6 1 0 0 R 0 8 7 9
0 0 0 4 6 2 0 0 R 0 8 9 1
0 0 0 4 8 3 0 0 R 0 8 9 3
0 0 0 4 8 4 0 0 R 0 8 9 3
0 0 0 4 5 5 0 0 R 0 8 9 4
0 0 0 4 5 6 0 0 R 0 8 9 4
0 0 0 4 R 7 0 0 R 0 8 9 4
0 0 0 4 6 6 0 0 R 0 8 9 6
0 0 0 4 6 9 0 0 R 0 8 9 6
0 0 0 4 9 0 0 0 R 0 8 9 8
0 0 0 4 9 1 0 0 R 0 9 0 5
0 0 0 4 9 2 0 0 R 0 9 0 7
0 0 0 4 9 3 0 0 R 0 9 1 3
0 0 0 4 9 4 0 0 R 0 9 1 9
0 0 0 4 9 5 0 0 R 0 9 2 6
0 0 0 4 9  6 0 0 R 0 9 3 1  •
0 0 0 4 9 7 0 0 R 0 9 3 7
0 0 0 4 9 6 0 0 R 0 9 5 0
0 0 0 4 9 9 0 0 R 0 9 5 0
0 0 0 5 0 0 0 0 R 0 9 s l
0 0 0 5 0 1 0 0 R 0 9 6 2
0 0 0 5 0 2 0 0 R 0 9 6 3
0 0 0 5 0 3 0 0 R 0 9 7 5
0 0 0 5 0 4 0 0 R 0 9 8 7
0 0 0 5 0 5 0 0 R 0 9 8 7
0 0 0 5 0 6 0 0 R 0 9 8 9
0 0 0 5 0 7 0 0 R 0 9 9 8
0 0 0 5 0 6 0 0 R 0 9 9 9
0 0 0 5 0  9 0 0 R 1 0 0 5
0 0 0 5 1 0 0 0 R 1 0 1 3
0 0 0 5 1 1 0 0 R 1 0 1 8
SEGMENT 4 I S  1 C2
START OF SEGMENT * * * * * * * * *
0 0 0 5 1 2 0 0 R 0 0 0 9
T-1462 57
i r c 1 1  , l e » 3 ) i y  a i i  ♦ 3 00051300 R 0010
IF  c11 .G T .  3 ) IY *  11 •  3 00051400 R 0013
INDEX = t NDEX + JOACIY) 00051500 R 0016
ITREE(NDX) = -  98 00051600 R 0022
GO TO 301 00C51700 R 0029
309 c o n t i n u e 00051800 R 0030
PRINT 3490 00051900 R 0031
34 90 FORMAT C l X * 6 l"lST0P 1 } 00052000 R 0035
CALL e x i t 00052100 R 0035
316 00 349 l o o  s NSTART/Np 00052200 R 0037
302 DO 340 I = 1* 6 00052300 R 0043
NDEX = NPATH( IDO)  + JD AC I ) 0 0 0 5 2 A 00 R 0048
GO TO ( 3 2 1 * 3 2 2 * 3 2 3 * 3 2 4 * 3 2 5 * 3 2 6 )  * I 00052500 R 0 0 5 9
321 IF(MOD(NDEX' IMAX ) -  1 ) 3 2 8 , 3 4 0 * 3 2 8 00052600 R 0069
322 IFCMDDCINDEX,MAXj)  .EG .  0 )  GO TO 340 00052700 R 0073
IF(NDEX/MAXJ -  INDEX/MAXJ) 3 4 0 , 3 2 8 , 3 4 0 00052600 R 00 77
323 I F ( NDEX -  MAXK) 3 2 8 *  3 2 8 * 3 4 0  . 00052900 R 0083
324 I F (M O D (N D EX* I M A X ))  3 28*  34 0 * 3 2 8 00053000 R 0087
325 IFCNDEx .L E *  0 )  GO TO 340 00053100 R 0090
I F ( MODCNDEX*MAXJ) * EO * 0 )  GO TO 340 00053200 R 0092
IFCNOEX/mAXJ -  INDEX/MAXJ)  3 4 0 , 3 2 8 * 3 4 0 0C0533C0 R 0096
326 IF(N DEX )  3 4 0 * 3 4 0 * 3 2 8 00053«00 R 0102
328 IF (S LO C K (N D tX )  .G T .  0 )  GO TO 340 00053500 R 0105
I F ( i t REECNDEX) .E Q .  ” 9 8 )  GO TO 340 00053600 R OH O
DO 330 J s 1* NI 00053700 R 0118
IFCNDEX .E G .  KKTAGCJ))  GO TO 340 00053600 R 0123
330 c o n t i n u e 00053900 R 0131
Nl a NI + 1 00054000 R 0131
KKTAGCNl) = NDEX 00054100 R 0132
NJ s NJ ♦ 1 00054200 R 0138
ADO( N J ) = AVAL + BLOCKCNOEX) 00054300 R OlflO
JTAG(NJ) = NqEX 00054400 R 0149
340 c o n t i n u e 00054500 R 0156
349 c o n t i n u e 00054600 R 0157
I TP = I T 00054700 R 0157
GO TO 359 00054600 R 0158
C BLOCK VALUE IS  PO S IT IV E 00054900 R 0158
350 NP = Np + I 00055000 R 0159
NPATHCNP) = INDEX' 00055100 R 0160
IV -s -  IT R E E C I N D E X ) / 1 0 0 0 0 0 0 00055200 R 0166
IT  s IT  + I 00055300 R 0174
I T I ( I T )  a IV 00055400 R 0176
1ST = NP0SC I V )  ♦ 1 00055500 R 0181
ILT = NPOSClV + I ) 00055600 R 0188
DO 354 I = 1ST* I L T 00055700 R 0194
DO 353 J = 1* N I 00055600 R 0199
I F ( I T A G U )  .EG.  KKTAGCJ) ) GO TO 354 00055900 R 0205
353 c o n t i n u e 00056000 R 0218
NI = NI + 1 00056100 R 0218
KKTAGCNl) = I T A G ( I ) 00056200 R 0219
NJ a NJ ♦ 1 00056300 R 0230
ADD( NJ) = AVAL + S O R T ( I ) 00056400 R 0231
JTAGCNJ) *  ITAGCI ) 00056500 R 0243
354 c o n t i n u e 00056600 R 0255
IND *  - 1 00056700 R 0255
DO 355 I = 1* I Z 00056600 R 0256
IND r  I NO *  2 00056900 R 0261
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I F ( I V  • Eq « IZ A P C I N D ) )  GO TO 358 0 0057000 R 02ft3
355 c o n t i n u e 0005 7100 R 0271
358 INDEX = I Z A ^ ( INO ♦ 1) 000 57200 R 0272
GO TO 301 0005 7300 R 0278
C MERGE AOO ANO BARRY TO ARRAY. 000 57400 R 0278
359 DO 360 I  .= 1* NI 0005 7500 R 0279
360 BAr r a Y ( I )  = a v a l  + b l o c k c k k Ta g c I ) ) 0 0057600 R 02 85
IFCNJ . Eq .  0 )  GO TO 371 000 57700 R 0300
N a NJ 0 0057600 R 03 02
361 K a 0 00057900 R 0304.
DO 369 I  = 2*  N 00058000 R 0304
I F ( a D D C I - I )  .GE.  AOOC I ) )  GO TO 3 6 9 ’ 00058100 R 0 3 1 0
TEmp = ADDCl ) 0005 8200 R 0323
ITEMP = JTAGCI ) 00058300 R 0329
ADD( I ) = A D D C I - 1 ) 000 58400 R 0335
JTAGCI ) = J T A G C I - I ) 00058 500 R 0347
A D D C I -1 )  = TEMP 000586 00 R 0359
J T A G C I - I )  = ITEMP 00058700 R 0365
K = 1 0005 6600 R 0372
369 CONTINUE 0005 8900 R 0374
N a N -  1 00 059000 R 0374
I F ( K  .EQ .  13 GO TO 361 0 0059100 R 0375
371 I I  = NI  -  NJ 00059200 R 0378
NLAST = Nl ♦ 1 00059300 R 0379
DO 350 I  = NI 00059400 R 03a0
NLAST a NLAST -  1 0 0059500 R 0385
IF  C11 . Eq « 0 )  GO TO 372 00059600 R 0387
I F ( N J  .EQ .  0 )  GO TO 374 OG059700 R 0389
IF(BAR.r Ay ( I *  ) . L T ,  ADDCNJ)) GO TO 374 00059600 R 0391
372 ARRAY(NLAST) = Ad d CNJ) 0 0059900 R 0404
k TAG(NLAs T) = JTAGCNJ) 00060000 R 041a
NJ = NJ -  1 00060100 R 0425
GO TO 380 00060200 R 0426
3 74 ARRAYCNLAST) = B A R R A Y ( I I ) 00 060300 R 0428
KTAGCNLAST) = KKTAGCI I ) 00060400 R 0438
I I  = I I  -  1 00060500 R 0449
380 CONTINUE 00060600 R 0451
NSORT a Nl 00C60700 R 04 51
DO 390 I = 1» NI 00060600 R 0452
BARRAY( I)  a A RRA Y( I ) 00060900 R 0457
ITREEC KTaG C I ) )  = -  99 000 61000 R 0468
390 KKTAGCI) = KTAGCI) 00C 61100 R 0480
C CLEAR ARRAY 00061200 R 0485
DO 449 I  a 1,MAX« 0 0061300 R 0491
I F O L O C K c n  . GT .  0 )  GO TO 449 0 0061400 R 0497
I F C I T R E E C I )  .EO.- - 9 8  .OR.  I T R E E ( I )  .EG.  * 9 9 )  GO TO 449 00C61500 R 0503
I TREECI )  = o 00061600 R 0517
449 CONTINUE 00061700 R 0524
C PRINT ARRAY 00061600 R 0524
500 I F C A V A L . L T .  TVAL) GO TO 510 00061900 R 0525
t v al a a v a l 0 0062000 R 0527
I F cnp . E q . 0 )  GO TO 506 000 62100 R 0528
DO 505 I = 1# NP 00062200 R 0530
505 N B E S T( I )  a N PA T H ( I ) 00062300 R 0536
506 '■:8 a NP 00 062400 R 0547
510 iH IN T  5 0 5 0 *  ITRE,MODE*AVAL 00062500 R 0548
505 0 F 0 R M A T C 1 X . 2 C i 5 * 5 x ) * 1 0 X * F l 0 . 1 ) 0 0 0 6 2600 R 0562
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IFCISTOP .EQ .  1 )  GO TO 1000 00062700 R 0562IZ - 0 00062600 R 0564
GO TO 99 00062500 R 0565
1000 IFfNB . E o .  0 )  GO TO 200 0 00063000 R 0566
DO 1100 I *  1# MAXK 00063100 R 0568
1100 BLOCK( I )  a 0 00063200 R 0575
DO 1200 I  ■ 1# Ng 00063300 R 0579
1200 3LOCKCN0ESTCI ))  *  1 00063400 R 05 86
PRINT H U 00063410 R 05^5
1111 F0RMAT(1h 1 # 1X*4° HPL 0T  of POSIT IVE NODES I n u l t i m a t e  p l a n  / / ) 00063420 R 05 99
CALL PLOT 00063500 R 0599
2000 r e t u r n 00063600 R 0600
END 00C63700 R 0603
SEGMENT 5 IS .
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s t ar t OF SEGMENT * * * * * * * *
SUBROUTINE PLOT 00 063600 R OOOO
COMMON 3 l OC'K C 6 0 0 0 } /  ITREEC 6 0 0 0 ) ,  LBKC6C- * sORTC lOPO ) , I TAG! 1020 ) , 00 063900 R OOOO
lNPRC 1 0 1 ) , N P L ! 3 0 ) , I D A ( 6 ) , j Da ( 6 ) , KDA!6 , •  . j K (  6)  , SUM!30) ,MAXJ,M aXK, 0006 4000 R 0 * 0 0
2 l C 0 N » N » 0 S ( 3 0 ) ,  I T 1 ( 30 ) , KT AGC 102o ) , ADD( 12 0 ) , JT AGC 1 ?0 ) ,  ARR AY C 1 020 ) , 00 064100 R o t o o
3 l2 A Pf6 0 ) , N P A T H C l 0 2 0 )# B A R R A YC 1 0 2 0 ) , KKTAGC1020) ,NBESTC1 0 2 0 ) , 00 064200 R o;o o
4LABELC30) 00064300 R OnOO
C 00064400 R OoOO
JCON a 24 00 064500 R OoOO
ZERO *  0 , 000 64 600 R OoOO
14 « 4 0C064700 R 0001
13 « - 3 00 064600 R 0n02
p r i n t  i o n 00065100 R 0n03
1011 FORMATf lOX,13HTA3LE OF SYMBOLS/ 5 x ,6H S Y m30L ,  7X> HHEXPLANATI qN /0 0 0 6 5 2 0 0 R onor
1 7X,  l H * ,  7X,  13 H P 0 S I T 1VE NODE/ 7X» 1H + ,  7X, 2/HCCNNECTIVITY IN I 000 65300 R 0n07
2 -  J PLANE/ 7x» lHU» 7 X» 27HC0NNECTIVTTY WITH K - l  PLANE/ 7 X, lHD, 700065 400 R 0007
3X > 27HC0NNECTIVlTY WITH K + l PLANE/ 7X* I H b * 7X> 33HCCNNECT1VITY Wl0 0065500 R OoO/
4TH ADJACENT P L A N E S / / ) 00065600 R o ;o 7
c 00065700 R 0n07
IVAL = ' -  MAXj 00 065600 R 0007
ITER = CIJK  ̂2 ) + JCON -  1 ) / JCON 00 065900 R 0009
DO 100 K = 1M  J K ( 3 ) 00 066000 R 0 i l 2
I End = 0 00066100 R 0018
IVAL = IVAL + MAXJ 00 066200 R 0019
JVAL = 0 00 066300 R 0021
DO 100 JPLOT = 1# ITER 00 066400 R 0 i 2 2
PRINT 10 01*  K 00066500 R 0027
1001 F0RMATC/1X,  9HSECTI0N , 1 5 / ) 00 066600 R Oi 38
ISTART s I E nD + 1 00 066700 R Oi 38
I END = IsTArtT + JCON 00 066600 R 0039
I F ( JPLOT . E « .  IT E R )  IEND = I J K ( 2 ) 00066900 R 0040
PRINT 1 0 0 2 ,  ( N , N = I S T A R T , I E N O ) 00067000 R 0043
1002 FO R M A Tf 1 0 X , 1 4 H * **  COLUMN * * * /  AX,3HR0W,2 5 14) 00067100 R 0060
PRINT 1012 00067200 R 0060
1012 FORMAT! / ) 00 067300 R 0A64
IE = ! I  END “ ISTART) *  14 + t 000 67 400 R 0 * 6 4
INT s IEND " ISTART + 1 000675 00 R 0 i 6 6
IZ  = JVAL ♦ IVAL -  IJ K C 1 ) 00067600 R 0068
DO 49 I = 1 ' I J K C 1 ) 00067700 R 0170
INDEX = I Z  + I 00067600 R 0 r 7 7
NO s 13 00067900 R 0079
DO 2 I I  s 1# IE 00 068000 R 00 79
2 NPRC11) s 1H 0 0 0 6 * 1 0 0 R 0086
DO 3 I I  s 1 * INT 00 065200 R 0094
3 N P L C I I )  = 1H 0006B300 R 0100
DO 48 J = I START, IEND 00 068400 R 0 f 0 8
INDEX = t ND^X ♦ I J K ( 1 ) 00066500 R 0113
NO = NO + 14 00 066600 R 0116
IF !BLO CK! INU EX )  . L E .  ZERO) GO TO 48 00 066700 R 0117
N D R ! N 0 ) = 1 H ♦ 00 060600 R 0122
9 IF f J .EQ.  IJK £ 2 )  ) GO TO 15 00 065900 R 0131
NDEX = INDEX + I j K C l ) 00069000 R 0134
IF!BLOCK!NDEX) . L E .  ZERO) GO TO 15 00069100 R 0136
DO 13 KK = 1 , 3 00069200 R 0142
13 NPRCKK+NO) *  1H* 000 69 300 R 0148
15 IK *  0 00 069400 R 0157
I F ! K .E Q .  1 )  GO TO 20 00 069500 R 0157
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NDEX = INDEX -  MAXJ 00069600 R 0160
IFCBLOCKf NDEX) . L E ,  ZERO) GO TQ 20 00069700 R 0162
NPR(NO) a 1HU 00069600 R Oj 67
IK = 1 00069900 R 0175
20 IF  ( K .EQ .  I j K ( 3 ) )  GO TO 30 00070000 R 0177
NDEX = INDEX ♦ MAXJ 00070100 R 0180
IFCBLOCK(NDEX) . L E .  ZERO) GO TO  30 00070200 R 0182
NPRCNO) s 1?D 00070300 R 0188
IF  £ IK .EQ.  1)  NPRCNO) » IH8 00070400 R 0195
30 IF  ( I .EQ.  I J K C D )  GO TO 48 00070500 R 0205
NDEX = INDEX ♦ 1 00070600 R 0208
IFCBLOCK(NDEX) . L E .  ZERO) GO TO 48 00070700 R 0209
NN = J -  I START + 1 00070600 R 0215
NPL(NN) s 1M* 00070900 R 0216
48 CONTI NUE 00071000 R 0225
JVAL a INDEX -  I v A L 00071100 R 0225
PRINT 1003» I* ( N p r C L ) »L = l * I E ) 00071200 R 0226
1003 F 0 R M A T ( 2 x . l 5 , 3 x » 1 0 l A l ) 00071300 R 0250
SEGMENT 8 I?  1
IF  CI .EQ.  I J K ( l ) )  GO TO 49 00071 400 R 0250
PRINT 1 0 0 4 .  C N P L C L ) ' L = 1 . I N T ) 00071500 R o ; s 3
1004 FOR MA TC 10X .2 4C Al .3 X )> . 00071600 R 0275
49 c o n t i n u e 00071700 R 0275
100 CONTI NUE 00071600 R 0276
r e t u r n 00071900 R 02 77
end 00072000 R 0280
SEGMENT 7 IS 2
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